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Abstract
Improving a Super Dual Auroral Radar Network
Reﬂector Through Directivity Characterisation
C P. Gray
Department of Electrical and Electronic Engineering,
University of Stellenbosch,
Private Bag X1, Matieland 7602, South Africa.
Thesis: MEng (E&E)
December 2019
This thesis considers characterising the directivity of the Super Dual Auroral
Radar Network (SuperDARN) radar, located at the South African National
Antarctic Expedition Station (SANAE IV) base in Antarctica, to improve
the currently installed 90◦ half corner reﬂector. A 1:100 scale model of lim-
ited array elements was designed, manufactured and measured in the anechoic
chamber of the Electrical and Electronic Engineering Faculty at Stellenbosch
University. These results were then compared to the same measurement set-up
run in simulation with Altair Hyperworks FEKO EM solver software, deter-
mining that FEKO can provide suﬃciently accurate results and that it could
be used to characterise the full-scale SuperDARN radar. Through numerous
simulation runs, the full-scale model of the currently installed SuperDARN
radar with its 90◦ half corner wire reﬂector was successfully characterised.
Various 90◦ half corner wire reﬂectors were then simulated with the aim to
improve on the installed 90◦ half corner wire reﬂector. It was determined that,
while the installed 90◦ half corner wire reﬂector does perform within its re-
quired operations, a 90◦ full corner wire reﬂector would suit the SuperDARN
much better. A 90◦ full corner wire reﬂector would improve the front to back
directivity ratio of the SuperDARN by 6.2 dB and a proposed 90◦ full corner
wire reﬂector layout design is provided with a front to back ratio of 10.7 dB.
ii
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Uittreksel
Verbetering van 'n Super Duale Aurora Radar Netwerk
Weerkaatser deur Direktiwiteit Karakterisering
(Improving a Super Dual Auroral Radar Network Reﬂector Through Directivity
Characterisation)
C P. Gray
Departement Elektriese en Elektroniese Ingenieurswese,
Universiteit van Stellenbosch,
Privaatsak X1, Matieland 7602, Suid Afrika.
Tesis: MIng (E&E)
Desember 2019
Hierdie tesis handel oor die direktiwiteitskarakterisering van die Super Duale
Aurora Radar Netwerk se antenna reeks, geleë aan die Suid-Afrikaanse Nasio-
nale Antarktika Ekspedisie basis (SANAE IV) in Antarktika, met die doel om
die huidige geïnstalleerde halwe 90 (degree) hoek-weerkaatser te verbeter. 'N
Skaalmodel van 1:100 met beperkte skikkingselemente is ontwerp, vervaardig
en gemeet in die anekoomkamer van die Fakulteit Elektriese en Elektroniese In-
genieurswese aan die Universiteit Stellenbosch. Hierdie resultate is daarna ver-
gelyk met dieselfde meetopstelling in simulasie met Altair Hyperworks FEKO
EM-oplossingsagteware, wat bepaal dat FEKO voldoende akkurate resultate
kan lewer en dat dit gebruik kan word om die volskaalse SuperDARN-radar te
karakteriseer. Deur middel van talle simulasie-lopies, is die volskaalse model
van die tans geïnstalleerde SuperDARN-radar met sy 90◦ halwe draadreﬂektor
suksesvol gekenmerk. Verskeie 90◦ halwe draadreﬂektore is daarna gesimuleer
met die doel om die geïnstalleerde 90◦ halwe draadreﬂektor te verbeter. Daar
is bepaal dat hoewel die geïnstalleerde 90 ◦ halwe draadreﬂektor wel binne
sy vereiste operasies presteer, 'n 90◦ volledige draadreﬂektor die SuperDARN
baie beter sou pas. 'N Volledige hoekdraadreﬂektor van 90◦ sal die voor- en
iii
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agterrigtingverhouding van die SuperDARN met 6,2 dB verbeter, en 'n voor-
gestelde ontwerp van 90◦ volledige draadreﬂektoruitleg word voorsien van 'n
voorkant tot rugverhouding van 10,7 dB.
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Chapter 1
Introduction
1.1 SuperDARN Antenna Array
The Super Dual Auroral Radar Network (SuperDARN) is a world-wide joint
eﬀort of engineers and scientists who monitor and perform research on earth's
near-space plasma environment. As of 01 January 2018 this group uses 36
high frequency (HF) radars [1], which use backscatter from magnetic ﬁeld-
aligned plasma irregularities to measure the doppler velocity of the ionosphere
in order to study space weather manifested in the earth's magnetic ﬁeld (mag-
netosphere) and ionosphere. The movements of these irregularities are tied to
the magnetic reconnection of the earth's magnetic ﬁeld with the solar wind of
the interplanetary medium.
Space weather impacts many technological systems including Global Position-
ing System (GPS), spacecraft orbits, electrical power distribution, surveillance
radar, HF communications and transpolar aviation. In South Africa, Super-
DARN data is used by engineers and scientists at, and aﬃliated with, the
South African National Space Agency's (SANSA) Space Science Directorate.
SANSA also maintains and operates its own SuperDARN radar from the South
African National Antarctic Expedition Station (SANAE IV) in Antarctica.
The SuperDARN radar uses a 16-element twin terminated folded dipole (TTFD)
phased array to transmit and receive 300µs/100µs pulses at up to 2.4 kW per
antenna over a frequency range between 8 MHz and 20 MHz. One of the chal-
lenges of such a physically large array is that it is very diﬃcult to characterize
the beam-shape and pointing direction using traditional, far-ﬁeld techniques.
The approach is expensive, logistically demanding and in most cases results
in inaccurate and sparse data [2, 3]. Therefore a simulation approach is to be
used to characterise the SuperDARN radar antenna array. However, this in
turn has its own challenges and drawbacks.
1
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1.2 Project Objectives
This section considers the various objectives this project will achieve to cor-
rectly characterise the directivity of the full-scale SuperDARN radar antenna
array with the aim of improving the front-to-back ratio of the radar.
First, a scale model of the SuperDARN radar elements needs to be designed
in an EM software solver and simulated to determine whether the simulation
results of the scale model are comparable to those of the physically constructed
scale model. Next, the scale model needs to be manufactured to measure the
antenna characteristics in Stellenbosch University Electrical and Electronics's
anechoic chamber. Afterwards, the measured results can be compared to that
of the simulated results as a proof of concept that the simulation results from
the EM software solver are an accurate representation of the real-world an-
tenna characteristics. Once conﬁdence has been achieved in the EM solver
software, a simulation of the full-scale SuperDARN radar antenna array in
Altair Hyperworks FEKO allows various set-ups to be run to characterise the
current make-up of the array. This includes the currently installed half-corner
reﬂector as well as considering the inﬂuence of simulating ground conditions
of the Antarctic base. Finally, improvements will be suggested on the current
SuperDARN radar set-up and to recommend practical upgrades on the system.
1.3 Project Overview
Chapter 2 contains the literature review which describes all the deﬁnitions, con-
cepts and practices used to go from simulating and measuring a scale model, to
the simulation of the full-scale SuperDARN radar antenna array. It ﬁrst looks
at common terminologies used with respect to general antenna parameters and
then moves on to explain the concept of a corner reﬂector antenna with a spe-
ciﬁc focus on the 90◦ corner reﬂector antenna. The SuperDARN radar is then
looked at by ﬁrst describing the operations of a general radar system and then
moves on to the speciﬁcs of the SuperDARN radar's operations and make-up
in terms of the TTFD construction and the array's phasing. Through previ-
ous work done on scale modelling, a scale model concept is discussed and it
is seen that the 1250:50 impedance transformer will need to be replaced with
a sleeve balun to have the scale model mimic the operations of the full-scale
model. An EM solver software was required to design and evaluate both the
scale model and the full-scale model; for this project Altair Hyperworks FEKO
was used. In the earlier stages of this project, it was discussed to use a multi-
copter with an electrically small antenna (ESA) for on-site characterisation of
the SuperDARN radar beam and although this idea was replaced with simu-
lation characterisation, the concept of an ESA was discussed and some initial
prototypes are provided.
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In chapter 3 the scale model is discussed further with a 1:100 scale model being
designed. It describes how the antenna dimensions, operating frequency, and
characteristics are altered to achieve an accurate scale model. The addition of
the sleeve or bazooka balun is discussed in detail and which design parameters
need to be met to have it operating at maximum eﬃciency. The simulation set-
up of two scale models, built in FEKO, are considered in great detail and are
then compared to the same models measured in the anechoic chamber of the
Electrical and Electronic Engineering Faculty at Stellenbosch University. After
explaining the discrepancies between the simulated versus measured results, it
was determined that the FEKO software would be able to provide suﬃciently
accurate results of the full-scale model.
After conﬁdence in the FEKO software has been established chapter 4 moves
on to look at the full-scale SuperDARN radar simulated in FEKO. The current
installed radar set-up with its 90◦ half corner wire reﬂector is ﬁrst evaluated
over an inﬁnite perfect electric conductor (PEC) ground and then compared to
the model over an inﬁnite granite ground layered with a 1 m thick ice layer at
-1◦C. From here four more 90◦ half corner wire reﬂector layouts are simulated
and evaluated. Finally moving on to four 90◦ full corner wire reﬂectors with the
best design being chosen. A realistic ground-plane model of the SuperDARN
radar with the 90◦ half corner wire reﬂector currently installed at SANAE IV
base and the proposed 90◦ full corner wire reﬂector were also run using CHPC's
computing resources and various discrepancies between the ideal ground-plane
model and realistic ground-plane model are seen and discussed.
Chapter 5 ends the thesis with a detailed discussion on the results, recommen-
dations on moving forward with the project and a conclusion.
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Chapter 2
Literature Study
2.1 Introduction
This chapter will consider at all relevant deﬁnitions, concepts, parameters and
practices for the project scope. It includes the following: the radiation param-
eters and deﬁnitions required antenna designs used in the SuperDARN radar
array and their principles; design methods used to improve the performance
of the scaled model; and simulation software methods used to characterise
antennas.
2.2 Radiation Parameters and Deﬁnitions
The SuperDARN radar array in Antarctica operates as both a transmitting
and receiving antenna. As such the array will be considered in the transmitting
and receiving modes.
2.2.1 Electromagnetic Field Regions
The electromagnetic (EM) ﬁeld regions surrounding an antenna are divided
between the near-ﬁeld and far-ﬁeld regions, with the near-ﬁeld region being
further sub-divided into the reactive and radiative near-ﬁeld regions. Which
are shown in ﬁgure 2.1.
The near-ﬁeld (reactive) region is more of a generation zone of radiation. This
reactive region is deﬁned by the spherical equation:
Near − Field Reactive Region ≤ 0.62
√
D3
λ
(2.1)
D = Largest Dimension of Antenna (m)
λ = Wavelength(m)
4
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The near-ﬁeld (radiating) region, or Fresnel region, of an antenna, is the region
where the EM ﬁelds begin to transition more towards radiating ﬁelds or in other
words where the EM waves begin to become more planar waves in nature.
Though not entirely planar as the angular ﬁeld distribution is dependant on
the distance the wave has travelled from the antenna. This spherical region
surrounding the antenna that is described by the equation:
Near − Field Radiating Region ≥ 0.62
√
D3
λ
and ≤ 2D
2
λ
(2.2)
The far-ﬁeld, or Fraunhofer region, encompasses the entire region beyond the
radiating near-ﬁeld region. In this region, the angular ﬁeld distribution is
no longer dependent on the distance the EM wave has travelled from the
antenna, for this reason, it is assumed that any EM waves radiated from an
antenna, travelling in this region are planar waves. Meaning that the electric
and magnetic ﬁelds are perpendicular to each other as well as both of them
being perpendicular to the direction of propagation. The far-ﬁeld region is
deﬁned by the equation:
Far − Field Region > 2D
2
λ
(2.3)
However, in practice this region should be considered at a distance of 5λ from
the point of antenna radiation so as to ensure the EM waves are truly planar
[4].
For this project the far-ﬁeld region of the SuperDARN radar was of most in-
terest as the azimuth and elevation angles in this region are to be determined.
One parameter that can have a great inﬂuence on an antenna's far-ﬁeld char-
acteristics is the reﬂection coeﬃcient (S11) of an antenna set-up which will be
discussed in the following section.
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Figure 2.1: Near-ﬁeld and far-ﬁeld regions of an antenna [4]. The ﬁgure above
shows the break-down of the various sections of the ﬁeld regions.
2.2.2 Reﬂection Coeﬃcient
The reﬂection coeﬃcient (S11) which will be used in the project, is an an-
tenna parameter which describes how eﬃciently an antenna operates due to
the impedance discontinuity in the transmission medium. It is the ratio of
how much of the input EM wave is transmitted (incident wave) to how much
of the input EM wave is reﬂected back into the system (reﬂected wave) and
can be calculated using the following equation,
S11 = log10
(
E−
E+
)
(2.4)
S11 = Reﬂection Coeﬃcient (dB)
E− = Reﬂected Wave (V/m)
E+ = Incident Wave (V/m)
Another form of this equation can be written as antenna reﬂection character-
istics in terms of antenna load to antenna input impedance with the equa-
tion (2.5) below. Equation (2.5) is used when an antenna is loaded with a
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known load and the parameters of the antenna are also known.
ΓA = log10
(
ZL − ZA
ZL + ZA
)
(2.5)
with
ZL = RL + jXL
and
ZA = RA + jXA
ΓA = Antenna Reﬂection Coeﬃcient (dB)
ZL = Antenna Load Impedance (Ω)
RL = Antenna Load Resistance (Ω)
XL = Antenna Load Inductance (Ω)
ZA = Antenna Input Impedance (Ω)
RA = Antenna Input Resistance (Ω)
XA = Antenna Input Inductance (Ω)
Due to the fact that the reﬂection coeﬃcient of a scale model, to be discussed in
a later section, was measured with a network analyser, the ﬁrst equation (2.4)
will be used in this project [4].
S11 has a great impact on the eﬃciency of an antenna and therefore an impact
on the realised gain of said antenna. Though the S11 is a key parameter to
consider when determining the optimal design of an antenna, this project will
not use the S11 to design an optimal antenna but rather as a characteristic to
compare measured results to simulated results in chapter 3. The directivity
of the SuperDARN radar antenna array is the main antenna characteristic
this project considers in later chapters but the theory is discussed in the next
section.
2.2.3 Directivity
Since this project focuses on an HF antenna array, directivity will be consid-
ered rather than realised gain. This is due to the inherent complications of
calculating realised gain for each antenna element using their respective re-
ﬂection coeﬃcient and then super-imposing all the results to acquire the total
realised gain of the entire array.
Directivity can be described mathematically as the ratio of radiation intensity
in a given direction (U) to the radiation intensity averaged over all directions
(U0) as seen by the two equations (2.6) and (2.7) below.
D =
U
U0
=
4piU
Prad
(2.6)
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with
Dmax = D0 =
Umax
U0
=
4piUmax
Prad
(2.7)
D = Directivity (dB)
Dmax = Maximum Directivity (dB)
U = Radiation Intensity (W/unit solid angle)
Umax = Maximum Radiation Intensity (W/unit solid angle)
U0 = Radiation Intensity of Isotropic Source (W/unit solid angle)
Prad = Total Radiated Power (W)
Put simply it is an antenna parameter which measures or describes how direc-
tional the radiation pattern of a given antenna is [4].
Two more antenna characteristics of the SuperDARN radar antenna array
which this project will consider to calculate are the azimuth and elevation
angles of said array's far-ﬁeld directivity pattern.
2.2.4 Azimuth and Elevation Angles
Aside from directivity, the azimuth (φ) and elevation (θ) angles of the Super-
DARN radar array are the two most important parameters that need to be
determined through this project.
θ = Elevation Angle (rad)
φ = Azimuth Angle (rad)
From ﬁgure 2.2, the azimuth angle is deﬁned as the vertical angle of the max-
imum point of EM ﬁeld intensity from the origin of the far-ﬁeld coordinate
system. While the elevation angle is the horizontal angle of the same point [4].
One way to improve directivity, is to add a corner reﬂector to an antenna set-
up. This is exactly what the SuperDARN radar antenna array at the SANAE
IV base does and this concept of a corner reﬂector will be considered in more
detail in the following section.
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Figure 2.2: Elevation and azimuth angles [4]. This ﬁgure shows the axis from which
the respective elevation and azimuth angles are taken from.
2.3 Corner Reﬂector
This project looks at improving the front-to-back ratio of the SuperDARN
radar as it has been shown that if the backwards radiation has considerable
power it will complicate data analysis as backscatter signals are received from
unwanted paths [5]. The only practically achievable change to the currently
installed antenna array, is to improve on the half-corner reﬂector design and
consider a full 90◦ corner reﬂector design. So the section is added to provide
the background theory to better understand how these reﬂectors work and
how they should be applied. A dipole antenna has a torus or doughnut shaped
omnidirectional radiation ﬁeld pattern, one way to improve the directivity of
such an antenna is to add a corner reﬂector to the system. The corner reﬂector
improves directivity in two ways, the ﬁrst is to impede or hinder radiation in
the reverse direction while the second is to guide radiation in the forward
direction [4].
When a corner reﬂector is added to the system it does improve the directivity
of the antenna. However, a trade-oﬀ for increased directivity is the increase
in the number of side lobes. The directivity and number of side lobes are
further increased as the angle of the corner reﬂector is decreased [4] so a middle
ground needs to be found between the two. An excess of side lobes is an
unwanted characteristic for the SuperDARN radar antenna array as the array
focuses the beam to one central point in free space and side lobes would hinder
the array's operation. Side lobes mean that unwanted signals can enter the
radar from unknown directions. This confuses the result either in terms of
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direction or doppler shift. Due to this fact as well as the infrastructure that is
already in place at the SANAE IV base, this project will focus mainly on a 90◦
corner reﬂector, though other common corner reﬂectors include 30◦, 45◦, 60◦
and parabolic reﬂectors [4]. To characterise the radiation pattern of a corner
reﬂector system, image theory must be used [4] and is considered in the next
subsection.
Figure 2.3: 90◦ corner reﬂector [4]. These ﬁgures show the image placement due
to source and corner reﬂector positioning.
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In ﬁgure 2.3 the 90◦ corner reﬂector can be seen with all of its images, 2.3(b),
and the total radiated ﬁeld intensity can be determined by combining the ﬁeld
from the feed with the ﬁeld from the images, giving the equation:
E(r, θ, φ) = E1(r1, θ, φ) + E2(r2, θ, φ) + E3(r3, θ, φ) + E4(r4, θ, φ) (2.8)
With the normalised scalar ﬁeld as:
E(r, θ, φ) = t(θ, φ)
e−jkr1
r1
− t(θ, φ)e
−jkr2
r2
+ t(θ, φ)
e−jkr3
r3
− t(θ, φ)e
−jkr4
r4
E(r, θ, φ) = [e+jkscosψ1 − e+jkscosψ2 + e+jkscosψ3 − e+jkscosψ4 ]t(θ, φ)e
−jkr
r
(2.9)
where
cosψ1 = aˆx · aˆr = sinθcosφ (2.10a)
cosψ2 = aˆy · aˆr = sinθsinφ (2.10b)
cosψ3 = −aˆx · aˆr = −sinθcosφ (2.10c)
cosψ4 = −aˆy · aˆr = −sinθsinφ (2.10d)
with aˆr = aˆxsinθcosφ + aˆysinθsinφ + aˆzcosθ, equation (2.9) can be re-arranged
using equations (2.10a) - (2.10d) to
E(r, θ, φ) = 2[cos(ks sinθcosφ)− cos(ks sinθsinφ)]t(θ, φ)e
−jkr
r
(2.11)
for α = pi/2 = 90◦
0 ≤ φ ≤ α
20 ≤ θ ≤ pi,
2pi − α
2
≤ φ ≤ 2pi
(2.12)
If the radiating ﬁeld of a single isolated element is set to
E0 = t(θ, φ)
e−jkr
r
(2.13)
Equation (2.11) can be written as
E
Eo
= AF (θ, φ) = 2[cos(ks sinθcosφ)− cos(ks sinθsinφ)] (2.14)
s = Distance of Antenna Feed to Reﬂector (m)
E = Total Radiated Field (dBµV/m)
E0 = Radiated Field of an Isolated Element (dBµV/m)
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rn = Relative Vector Distance (m)
t = Antenna Omnidirectional Pattern (dB)
k =
2pi
λ
= Wave Number (rad/m)
ψn = Relative Phase Angle (rad)
aˆn = Relative Coordinate Vector (m)
α = Angle of Reﬂector (rad)
AF = Array Factor
Equation (2.14) allows the total radiated ﬁeld to be evaluated as a ratio to the
radiated ﬁeld of an isolated element as well as representing the array factor of
the whole corner reﬂector set-up [4].
The installed set-up of the SuperDARN radar at SANAE IV base makes use of
a half corner reﬂector, which means, when looking at ﬁgure 2.3(a) only plate
number 1 is included in the set-up and plate number 2 is removed entirely.
Later sections of this project will consider the performance of this half corner
reﬂector compared to the performance of a full corner reﬂector, i.e., both plate
number 1 and number 2 are included in the set-up. It will also consider how a
full corner reﬂector improves the front-to-back ratio, which is merely the ratio
of directivity in the forward direction to the directivity in the reverse direction
when compared to a half corner reﬂector. Hence the need to consider the corner
reﬂector in more detail and to consider diﬀerent layouts and conﬁgurations.
2.3.1 Image Theory
Corner reﬂector antennas work based oﬀ of a certain EM principle called image
theory, with the image placement due to source and corner reﬂector positioning
as shown in ﬁgure 2.3 and will be considered in this section. Image theory
states that for any given charge conﬁguration set-up above an inﬁnite perfect
electric conductor (PEC) can be replaced with the charge conﬁguration itself,
a virtual charge conﬁguration otherwise called an image reﬂected about the
plane of the PEC and replacing the PEC with an equipotential surface along
the plane of the PEC [4].
Figure 2.4(a) shows a simple set-up of a linear element, placed in free space,
some distance h above an inﬁnite PEC ground-plane. As can be seen, an image
of this linear element is reﬂected about the plane of the PEC at a distance
of h and placed inside the PEC region. Two arbitrary points P1 and P2 are
located at some distance from the actual source in free space. To determine the
radiated ﬁeld intensity (E) at these points, the direct wave and reﬂected wave
must be considered. Though the energy is radiated in all directions from the
actual source, the direct wave seen by P1 and P2 travels along a straight line
on the shortest path between the actual source and either P1 or P2. Another
wave from the source radiates to point R1 at an angle θ
i
1 for P1 or point R2
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at an angle θi2 for P2 and is reﬂected towards the corresponding point P. The
reﬂected wave travels along the shortest path with θi1 or 2 = θ
r
1 or 2 as has been
determined by the law of reﬂection. If the line of the reﬂected wave is extended
back through the equipotential surface as seen in 2.4(b), it can be said that
the reﬂected wave originates from the image and boundary conditions can be
used to determine the polarisation of the image. Since this technique uses both
Figure 2.4: Image theory [4]. The ﬁgure above show the virtual source, direct
and reﬂected waves due to the actual source placement, as well as the electric ﬁeld
components at the point of reﬂection due to the actual source.
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real and imaginary charge conﬁgurations it can be assumed that they do not
couple to one another [4].
This section has considered the theory behind corner reﬂectors. The following
section will examine how this theory has been implemented to the Super-
DARN radar to hinder backwards radiation to ensure the correct EM signals
are captured by the radar for data analysis.
2.4 Phased Array
A phased array is an array of antennas in which each phase of each signal that
feeds each antenna are set in such a way that the EM radiation pattern of
the entire array points towards a desired direction and the signals propagating
toward undesired directions are suppressed [6].
The following section will discuss some of the topics which inﬂuence the eﬃ-
ciency and performance of phased arrays, speciﬁcally the SuperDARN radar
which is a linear phased array.
2.4.1 Mutual Coupling
Mutual coupling between antenna elements in an array is the energy absorbed
by one antenna's receiver when one or more antennas are in nearby operation
to that antenna [7]. This mutual coupling is an undesirable eﬀect since the
energy that should be radiated out from one antenna is absorbed by another
antenna or the energy that should have been captured by the desired receiver
is absorbed by an undesired antenna in the array. Due to this, mutual cou-
pling reduces the eﬃciency and overall performance of the array in both the
transmitting and receiving modes [8].
This reduction in eﬃciency and performance of the array is due to the aﬀect
mutual coupling has on the individual antenna parameters making up the
array, which are discussed in the following sections.
2.4.1.1 Antenna Impedance
The impedance of an antenna at its terminal is one of the most signiﬁcant
factors which aﬀect the radiation pattern of said antenna. Due to the presence
of mutual coupling the antenna impedance of a phased array is notably dis-
similar to that of an isolated element, with the impedance matrix of an array
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of N -elements given by [8]:
Z =

Z11 + ZL Z12 · · · Z1N
Z21 Z22 + ZL · · · Z2N
...
...
. . .
...
ZN1 ZN2 · · · ZNN + ZL

with,
Zmn = Self Impedance (for m=n) (Ω)
Zmn = Mutual Impedance (for m6=n) (Ω)
Using this impedance matrix, the impedance at the antenna terminal can be
expressed as [8]:
Zx =
N∑
y=1
Zx,y
Iy
Ix
(2.15)
with,
Zx,y = Impedance Between x th and yth Antenna Element(Ω)
In = Current at the Terminals of nth Antenna Element (A)
Mutual coupling between antenna elements also aﬀects the reﬂection coeﬃcient
of each antenna element which is considered in the following section.
2.4.1.2 Active Reﬂection Coeﬃcient
For a linear array, if all the antenna elements of the array are excited simul-
taneously, the active reﬂection coeﬃcient (ARC) is the linear superposition of
elements' reﬂection coeﬃcient (S11) and the mutual coupling from adjacent
elements [9].
The ARC for antenna element m in an array of N elements can be expressed
using the following equations [10]:
ΓS =
N∑
n=1
Smn
νn
νm
(2.16)
with,
ΓS = Active Reﬂection Coeﬃcient (dB)
Smn = Coupling Coeﬃcient (dB)
νn = Excitation Coeﬃcient of Element n (dB)
νm = Excitation Coeﬃcient of Element m (dB)
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The sections above have considered how mutual coupling between antenna el-
ements of an array aﬀect the individual antenna impedance and ARC param-
eters, causing a change in the overall performance and eﬃciency of the array.
The next section will look at how a phased array steers its beam through
the array's ﬁeld of view, for the case of the SuperDARN the ﬁeld of view is
φ = 52.4◦ [18].
2.4.2 Beam Steering
A device called a phase shifter is used in part of the feeding electronics for the
antennas of a phased array. This phase shifter is controlled electronically to
produce a phase shift (ϕ) which is required to steer the beam of the phased
array through its ﬁeld of view [10].
The phase shift is determined using the equation [11];
ϕ =
2pid
λ
sin(φ) (2.17)
with,
d = Distance Between Antennas (m)
By applying equation 2.17 the phase shifters of the SuperDARN radar are able
to control the individual phase shift of each antenna to achieve the desired
beam direction or beam steering of the radar [11].
Section 2.4 has considered parameters which inﬂuence the eﬃciency and per-
formance of a phased array. These parameters will not be investigated in
the characterisation of the SuperDARN radar for two reasons; ﬁrstly for this
project directivity, elevation angle and azimuth angle characterisations are the
key focus points. Secondly, the SuperDARN radar is already an existing radar
in operation so mutual coupling is not something that can be investigated and
improved upon. This project will focus on improving the half corner reﬂector
that was installed with the possibility of upgrading it to a full corner reﬂector.
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2.5 SuperDARN
The SuperDARN radar uses a 16-element Twin Terminated Folded Dipole
(TTFD) phased array to transmit and receive 300µs/100µs pulses at up to
2.4 kW per antenna over a frequency range between 8 MHz and 20 MHz
[2, 3, 12]. However the SANAE IV base, seen in ﬁgures 2.5, 2.6 and 2.7,
operate their SuperDARN radar at 600 W per antenna. Figure 2.8 show the
front and side views of the TTFD antenna element that make up a single
antenna in the array. It is important to note that the dimensions in ﬁgure 2.8
are not to scale.
Figure 2.5: Photograph of the SuperDARN radar with the new TTFD antenna
elements located at the SANAE IV base in Antarctica [12].
In ﬁgure 2.5 the polyester ropes used to suspend the reﬂector wires forming
a 90◦ half corner reﬂector can be seen. The SuperDARN radar is situated on
top of a granite surface [13] covered with a layer of ice and at the bottom of a
cliﬀ face the ice shelf can be seen which is shown in ﬁgures 2.6 and 2.7.
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Figure 2.6: Aerial view of the SANAE IV base with the base in the top middle
of the ﬁgure and the SuperDARN radar in the bottom left of the ﬁgure [14]. The
ﬁgure above shows an overview of the SANAE IV base and its location, with the
SuperDARN radar's close position to the ice shelf.
Figure 2.7: Aerial view of the SANAE IV base, emphasising the ice shelf [15]. The
image above shows an overview of the SANAE IV base and its location, emphasising
the height of the base above the ice shelf.
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Figure 2.8: (Top) Antenna front view and (bottom) antenna side view. The ﬁg-
ures above show the dimensions of the antenna cables which make up the installed
construction of the SuperDARN radar antenna element, dimensions not to scale.
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2.5.1 Radar
Radar stands for radio detection and ranging. The SuperDARN radar operates
as a pulsed radar meaning the radar sends out short bursts (or pulses) of EM
signals at a time rather than continuously transmitting an EM signal, which
is shown in ﬁgure 2.9. The SuperDARN radar operates like any other radar
system, as a device to determine the range, echo power and doppler shift and
spectral width (velocity) of an object. In the case of the SuperDARN radar
these objects are the plasma irregularities along the earth's magnetic ﬁeld
lines in the ionosphere around 200 - 300 km altitude, as seen in ﬁgure 2.10.
Measuring the time delay from transmitted EM signal to received echo of said
transmitted EM signal determines the range of the plasma irregularities, while
the echo power is simply the measured power at the received time of the echo.
The Doppler shift from transmitted signal to received echo is the change in
frequency measured at the time of the received echo [16].
The radar range equation is deﬁned below as the ratio of received power to
transmitted power [4].
Pr
Pt
= A
G0tG0r
4pi
(
λ
4piR1R2
)2
(2.18)
Pr = Power Received (W)
Pt = Power Transmitted (W)
A = Radar Cross Section or Echo Area (m2)
Gt = Gain of Transmitting Antenna (Dimensionless)
Gr = Gain of Receiving Antenna (Dimensionless)
R1 = Observation Distance from Target to Transmitting Antenna (m)
R2 = Observation Distance from Target to Receiving Antenna (m)
The doppler shift can be calculated using the equation 2.19 below [4].
fD = 2vcos(κ)
ft
c
(2.19)
fD = Doppler Frequency Shift (Hz)
v = Velocity of Moving Target Relative to Stationary Radar (m/s)
κ = Incident Angle (rad)
ft = Transmitted Frequency (Hz)
c = Speed of Light (m/s)
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Figure 2.9: Operations of a SuperDARN pulsed radar[16]. The ﬁgure above is
a visual representation of the pulsing signal the SuperDARN radar uses, with the
transmitted pulse path and the echoed signal returning along the same path.
Figure 2.10: Figure showing how the SuperDARN radar's EM signals are trans-
mitted to detect targets [16]. The ﬁgure above is a visual representation of the
SuperDARN radar's operations and targeting. with the targets (plasma density
irregularities) along the earth's magnetic ﬁeld lines.
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It is the spacing of the ﬁeld-aligned irregularities that are important because
the radar uses bragg scattering. Ray orthogonality to magnetic ﬁeld is critical
to receiving back scatter. To achieve this, the SuperDARN radar rely on
HF refraction. Hence HF gives both long ranges and refraction. The bragg
scattering equation (2.20) which is used can be found below.
λt = 2λirrsin
(
ξ
2
)
(2.20)
λt = Radar Transmitted Wavelength (m)
λirr = Wavelength of Irregularities (m)
ξ = Scattering Angle (rad)
The scattering angle (ξ) in equation 2.20 is relative to the incident radio wave
in the plane orthogonal to the magnetic ﬁeld [17].
Originally the SuperDARN radar array at the SANAE IV base was made up
of a large Log Periodic Dipole Array (LPDA) but due to the high winds in
the area causing damage to the LPDA, they were replaced with the TTFD in
2013-2014 which will be discussed in a following sections [12].
2.5.2 Phasing of SuperDARN Radar
In general, the SuperDARN radar is able to be swept through its ﬁeld of
view by forming a total of 16 beams centred at intervals of 3.3◦ shown by
ﬁgure 2.11. The SuperDARN radar located at the SANAE IV base, however,
operates with one beam pointing directly outwards from the radar and no beam
steering is applied to the radar, at a ﬁxed frequency of 12.75 MHz producing
a narrow beam width of 4◦ [18]. Due to this, the simulations of the full-scale
SuperDARN radar discussed in chapter 4 will use the ﬁrst column of phase
values in Appendix C.
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Figure 2.11: Beam directions of the SuperDARN radar. This ﬁgure shows how the
16 beams are formed giving an azimuthal sweep of (16x3.3◦) = 52.8◦ [18].
2.5.3 Twin Terminated Folded Dipole
The TTFD antenna element design was used to replace the large LPDA which
had previously been installed at the SANAE IV site. For the TTFD to be a
viable alternative to the LPDA, the TTFD had to have a similar gain; provide
better or equal directivity; have an average beam width of 3◦ - 5◦ and be easy
to construct thus reducing overall construction costs. The TTFD was designed
using the fundamental principles of the standard folded dipole, with similar
design criteria to that of the tilted folded dipole folded (T2FD) and the three
wire folded dipole. Figure 2.12 clearly shows the single feed wire (wire 1) used
to excite the balun, which is a 1250:50 impedance transformer [23], of the
TTFD which then feeds the two outer wires (wires 2 and 3) of the antenna.
The required antenna operations can be achieved by altering the dimensions,
shown in ﬁgure 2.12, which make up the construction of the TTFD [19, 20].
R = Terminating Resistance (Ω)
L1 = Total Length of the Antenna (m)
L2 = Length of Outer Horizontal Radiating Wire (m)
L3 = Distance Between Two Central Feed-points (m)
a = Top Wire Spacing (m)
b = Bottom Wire Spacing (m)
c = Antenna Width (m)
S = Node of Three Wires
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Figure 2.12: TTFD antenna concept [19]. This ﬁgure shows the dimensions which
make-up the TTFD antenna design.
For the currently installed SuperDARN radar the dimensions of the elements
are shown in table 2.1 and the resistors have a value of R = 0 Ω.
Table 2.1: Currently installed SuperDARN radar's TTFD dimensions.
Dimension Value
L1 11.07 m
L2 3.73 m
L3 0.127 m
a 2.44 m
b 2.44 m
c 4.88 m
To determine the antenna impedance, the currents in the TTFD can ﬁrst be
evaluated and expressed using the following equations [19]:
I2
I1
=
log10
c
ρ1
log10
b
c
− log10 aρ1 log10
ρ3
c
log10
ρ2
a
log10
ρ3
c
− log10 ba log10 bc
(2.21)
and
I3
I1
=
log10
a
ρ1
log10
b
a
− log10 cρ1 log10
ρ2
a
log10
ρ3
c
log10
ρ2
a
− log10 bc log10 ba
(2.22)
In = Current in Wire n (A)
ρn = Radius of Wire n (m)
Once the currents have been evaluated, the three currents can be summed
together to determine the total antenna current and the feed-point impedance
can be related to the centre point impedance via the following equation [19]:
Zfeed−point = Zcentre−point
I2Total
I2Portion
(2.23)
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Zfeed−point = Feed-point Impedance (Ω)
Zcentre−point = Centre-point Impedance (Ω)
ITotal = Total Antenna Current (A)
IPortion = Relative Potion of the Total Current in Feed Wire (A)
In this section the TTFD antenna which make up the SuperDARN radar array
elements were considered. Due to the fact that the SuperDARN radar array
elements currently installed at the SANAE IV base have been designed and
implemented, this project will not consider optimising these elements. Instead
it will consider the 90◦ half corner reﬂector which was installed with the idea
that a 90◦ full corner reﬂector could be installed at a later date if needed.
To determine whether the Altair Hyperworks FEKO EM software solver can be
used with conﬁdence to characterise the full-scale SuperDARN radar, a scale
model of the radar was ﬁrst built and measured to compared to the simulated
results. The next section will consider the theory behind building the scale
model.
2.6 Scale Modelling
Due to the SuperDARN radar's proximity to the ice shelf, see ﬁgures 2.5, 2.6
and 2.7 where the SANAE IV base is located, on-site measurements for char-
acterising of the SuperDARN radar would prove to be a diﬃcult task. For
this reason, it was decided that a simulation of the radar would be best for
early analysis of its operations. To prove this theory, however, a scale model
would need to be built and measured in an anechoic chamber with its results
compared to those of the same model built in EM solver [21], to be discussed
later. Frequency scales proportionally to scaling size [22] and a scaling factor of
100 was chosen to get the desired operating frequency within the measurement
limits of the anechoic chamber.
The SuperDARN radar uses a 1250:50 impedance transformer in the balun [23],
this impedance transformer cannot be accurately built for a scale model. For
this reason, a sleeve or bazooka balun was designed to replace this impedance
transformer of the full-scale radar.
2.6.1 Sleeve or Bazooka Balun
To test whether or not it is possible to acquire an accurate characterisation
of the SuperDARN radar antenna array through simulations, a scaled model
of the array was to be built and measured in the anechoic chamber of the
Electrical and Electronic Engineering Faculty at Stellenbosch University and
compare the results to that of the results of the simulated scale model. The
design and purpose of the scaled model will be discussed in a later chapter.
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However, some of the systems of the full-scale SuperDARN radar antenna array
cannot be accurately scaled-down, built and measured, namely the 1250:50
impedance transformer found in the balun of the antenna elements of the
radar. For this reason, a sleeve balun was used to replace this impedance
transformer in the scale model due to the ease of manufacturing of such a
balun and its performance at the designed frequency. The sleeve balun as seen
Figure 2.13: Sleeve or bazooka balun[4]. Here the placement of the sleeve balun can
be seen, with the furthest point from the radiation shorted to the outer conductor
of the coaxial cable and the closest point open.
in ﬁgure 2.13 above is made up of a metal tube (in the case of this project
copper was used), one-quarter wavelength long, short-circuited to the outer
conductor of the coaxial cable at its end furthest from the point of radiation.
The open-circuit of the sleeve balun located at the tube end closest to the point
of radiation creates an extremely high input impedance, in theory an inﬁnite
impedance, which restricts or chokes any current on the outer conductor of
the coaxial cable balancing the system. This balancing of the system is due to
this high impedance at the open-circuit end of the sleeve balun choking any
return currents and forcing them to ﬂow through the inner parts of the coaxial
cable [4].
The design of the sleeve balun used in this project follows the fundamentals laid
out in [24], though the exact dimensions will be discussed in a later chapter.
2.6.2 Evaluating The Scale Model
The scale model was to be measured in the anechoic chamber of the Electrical
and Electronic Engineering Faculty at Stellenbosch University. These mea-
sured results then had to be compared to the simulated results of the same
scale model built in EM software to have conﬁdence in the simulated results
of the full-scale SuperDARN radar antenna array. To determine whether the
simulated results are within an acceptable tolerance of the measured results,
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this project make use of the root-mean-square-error (RMSE) as this method
directly compares the simulated results to the measured results [25].
First the prediction error must be determined using the equation below [25],
it is important to note that the prediction error is in linear units;
$m,i = PLmeas,i − PLm,i , i = 1, 2, ..., N (2.24)
$m,i = Prediction Error
PLmeas,i = Measured Value
PLm,i = Predicted or Simulated Value
m = Model
N = Number of Sample Frequencies
Then to quantify the model's performance the RMSE equation is applied [25];
RMSE =
√√√√ 1
N
N∑
i=1
$2m,i, (dB) (2.25)
The equations 2.24 and 2.25 will be used in chapter 3 where the scale models
are evaluated. This project will make use of the Altair Hyperworks FEKO EM
software package for simulations and to determine the predicted values of the
scale models which will be discussed in the next section.
2.7 Electromagnetic Software
This section discusses the simulation tools that were used in the project to
characterise the 1:100 scale model and full-scale model of the SuperDARN
radar antenna array.
2.7.1 FEKO
Altair Hyperworks FEKO is a comprehensive computational electromagnet-
ics (CEM) simulation software which is extensively used in various defence,
telecommunications, aerospace and automobile industries which require solu-
tions to various EM problems. FEKO can solve a variety of EM problems us-
ing both frequency and time domain EM solvers. The complexity of the solver
methods used in the FEKO software allows for accurate analysis of antenna,
microstrip circuits, RF components, biomedical systems and electromagnetic
compatibility (EMC) analysis amongst other EM problems [26].
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2.7.2 Solver
The FEKO EM software has many diﬀerent solver options, this project makes
use of the method of moments (MoM) and ray launching geometrical optics
(RL-GO) solvers.
2.7.2.1 Method of Moments
The MoM solver uses moderate amounts of computing resources, is a numer-
ical technique that solves electromagnetic problems at their boundary using
integral equation techniques of Maxwell's equations and, when used in the
FEKO EM software, is used as a frequency-domain solver[26, 27].
2.7.2.2 Ray Launching - Geometrical Optics
The RL-GO solver uses ray methods based on optical propagation, reﬂection
and refraction theory to model objects using these ray-based methods. This
solver is used for problems that are electrically huge dielectric and metallic
and uses a moderate to low amount of computing resources [26].
2.7.3 Source
This section will deal with the diﬀerent port excitations used during the various
simulation set-ups in this project. First considering waveguide ports used in
the scale single element model, then the edge ports used in the scale three
element model and ﬁnally the wire ports used in the full-scale model [26].
2.7.3.1 Waveguide Port
A waveguide port is used when a model contains a waveguide structure and
the structure is used to apply an excitation signal to the model. FEKO sup-
ports three types of waveguide cross-sections; rectangular waveguide, circular
waveguide, and coaxial waveguide. This project will make use of the coaxial
waveguide as a coaxial cable is used to excite the antenna element in the scale
single element model [26].
2.7.3.2 Edge Port
An edge port is used when a model contains an edge which is between two sets
of faces. Once the edge port is added to the model the parts which contain
the faces must be deﬁned as one part for the port to be valid [26].
2.7.3.3 Wire Port
A wire port is a port placed on a wire geometry which connects two parts
together or even just a model made completely from wire geometry [26].
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2.8 Conclusion
The various EM principles and antenna characteristics to be used in this
project were ﬁrst discussed. The operation and make-up of the SuperDARN
radar antenna, the speciﬁc HF antenna to be characterised in this project, were
then discussed. One area of concern was raised, namely the half corner reﬂec-
tor currently installed to the radar located at the SANAE IV base and whether
or not a full corner reﬂector would be better suited for the SuperDARN radar's
current operations. The chapter then considered how to go about answering
this question, ﬁrstly a scale model was to be built and measured in the anechoic
chamber of the Electrical and Electronic Engineering Faculty at Stellenbosch
University. Then the results of this scale model are to be compared to the
results of the same model built in an EM software package, in the case of this
project FEKO was the chosen software. The process of comparing the mea-
sured results to the simulated results of the scale model veriﬁes that the EM
software package calculates similar results to that of the real-world model and
the results will be accurate in terms of the full-scale simulation model of the
radar in operation at the SANAE IV base in Antarctica.
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Measurement and Simulation of
Scale Model
3.1 Introduction
This chapter will discuss the design and results of the 1:100 scale model built
during this project. The scale model was built and antenna characteristics
measured to determine if the simulation results acquired, through the use of the
FEKO EM solver software, are suﬃciently accurate. By using a scale model
to compare simulation versus measured results through the RMSE analysis
method, the ﬁndings can then be used to state whether or not the simulation
results of the installed set-up of the full-scale SuperDARN radar model are
accurate and any changes made to the full-scale model in simulation are a true
real-world representation of the change's eﬀects on the entire system. The
RMSE of the scale models must lie within 8 - 9 dB [28] to provide conﬁdence
in the FEKO software.
3.2 Design
The full-scale SuperDARN radar operates between 8 - 20 MHz. To achieve an
operating frequency that can be measured in Stellenbosch University Electrical
and Electronics's anechoic chamber a 1:100 scale model was designed and built.
The table 3.1 below shows the changes in antenna operations.
Table 3.1: Changes in antenna characteristics from full-scale to 1:100 scale model.
Model Operating
Frequencies
Wavelengths One-Quarter
Wavelengths
Full-Scale 8 - 20 MHz 37.5 - 15 m 9.375 - 3.75 m
1:100 Scale Model 0.8 - 2 GHz 375 - 150 mm 93.75 - 37.5 mm
30
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Figure 3.1: (Top) 1:100 Scale antenna front view and (bottom) 1:100 scale antenna
side view. This ﬁgure shows the change in dimensions from ﬁgure 2.8 of the full-scale
dimensions to the scale model dimensions.
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Figure 3.1 shows the change in physical dimension values for the 1:100 scale
model. Since the SuperDARN radar at the SANAE IV base operates primarily
at 12.75 MHz the scale model will be built to operate and evaluated as such,
using the fundamentals laid out in [24]. The paper gives required dimensions
to achieve the maximum possible choking eﬀect, with known sleeve length and
coaxial cable diameter or radius.
The scale model used semi-rigid coaxial cable with an outer diameter of∅3.58 mm
and a required sleeve length of 0.25λ equal to 58.82 mm which sets the sleeve
balun diameter to ∅5.37 mm.
Due to the manufacturing limitations of Stellenbosch University's Electrical
and Electronic workshop and high cost of tight tolerance constraints, all di-
mensions of the scale model were set to the closest 0.5 mm value. Setting the
dimensions of the sleeve balun length to 59 mm and the sleeve balun diame-
ter to 6 mm, shown in ﬁgure 3.2. The Engineering drawings can be found in
Appendix A.
As can been seen in ﬁgure 3.3 the concentricity of the sleeve balun proved
diﬃcult to accurately achieve along with the dimensions of the lengths of the
TTFD antenna element. Due to this, the simulation model was modiﬁed to
more accurately represent the real-world model and its ﬂaws.
Figures 3.4 and 3.5 show the real-world models that were tested in Stellen-
bosch University Electrical and Electronics's anechoic chamber with the single
element model in ﬁgure 3.4 and the three element model in ﬁgure 3.5.
Figures 3.2, 3.4 and 3.5 show the completed real world model. The ground-
plane is made from a ∅600 mm diameter tin plated mild steel plate, the an-
tenna elements and reﬂector wires and made from ∅1 mm brass rods, the
reﬂector wires are held in place by a 3 mm perspex sheet angled at 45◦, the
sleeve balun is made from brass and the antenna element and sleeve balun are
held in place by a 50Ω semi-rigid coaxial cable. All Engineering drawings of
the individual parts and the complete assembly can be found in Appendix A.
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Figure 3.2: Sleeve balun design, (top) engineering drawing and (bottom) real-
world scale model. The top ﬁgure of the sleeve balun shows the engineering drawing
used for the manufacturing of the sleeve balun while the bottom ﬁgure shows the
real-world completed part.
The sleeve balun deign is shown in ﬁgure 3.2, with it's length, inner diameter
and outer diameter dimensions given for manufacturing the part. All dimen-
sional tolerances in the engineering drawing of ﬁgure 3.2 were set to 0.5 mm.
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Figure 3.3: (Left) Concentricity misalignment real-world model and (right) con-
centricity misalignment simulation model. The left ﬁgure shows the real-world con-
centricity misalignment and the right ﬁgure shows the concentricity misalignment
replicated in the simulation software.
One of the machining errors, namely, the concentricity misalignment is shown
in ﬁgure 3.3, with the error being incorporated into the simulation model.
Figure 3.4: (Left) 1:100 Scale single element front view and (right) side view.
Completed real-world models of the single element scale model used to measure its
antenna characteristics and compare to the simulation results of the same model.
The single element scale model is shown in ﬁgure 3.4 with the 90◦ half corner
reﬂector held in place by a perspex sheet over the tin base.
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Figure 3.5: (Left) 1:100 scale three element front view and (right) side view. Com-
pleted real-world models of the three element scale model used to measure its antenna
characteristics and compare to the simulation results of the same model.
Once the scale single element model was measured, the model was altered to
have three elements shown in ﬁgure 3.5. The elements are space 172 mm apart,
antenna elements and sleeve baluns held in place by the semi-rigid coaxial cable
and over a tin base.
3.3 Simulation
This section discusses the simulation work done on the 1:100 scale model. Both
the single and three element scale model simulations were run in the FEKO
EM solver software and their respective results compared to that of the real-
world antenna characteristics measured in Stellenbosch University Electrical
and Electronics's anechoic chamber.
Originally the scale models were designed in the FEKO software as ideal or per-
fect models with no manufacturing errors and accurate dimensions, it will be
referred to as 'simulated ideal', but after the models were built and simulated
it was deemed easier to run the simulations to include these manufacturing er-
rors and imperfect dimensions, it will be referred to as 'simulated machined',
rather than trying to quantify their inﬂuences on the antenna characteristics
of the scale model. The metallic stand on which the models were mounted
during the measurements was also included in the FEKO simulation model to
further accurately represent the real-world measurement procedure.
The purpose of the scale single element model was to determine whether the
element could be correctly characterised through measurement and simulation.
While the scale three element model was used to determine whether an array
could be correctly characterised. The number of elements in the scale model
array (three) was determined by the maximum dimension of an antenna that
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can be measured in the anechoic chamber which was 600 mm. With a spacing
of 172 mm between the elements, this allowed for three elements to be placed
in the base of ∅600 mm, with enough spacing on the outside of the outer
elements to still has a semi-inﬁnite ground-plane.
Three scale single element models are shown in ﬁgure 3.6, these models are
used to outline the reasons for simulating the scale models with a tin base plate
as the ground-plane, including the metallic mount used during measurements
and including machining errors.
Figure 3.6: Scale single element model with; (top left) inﬁnite PEC ground plane,
(top right) circular tin base plate and (bottom) circular tin base plate, metallic
mount and machining errors. The three models above were simulated to show the
change in directivity caused through each iteration of alterations to the model.
These models were then simulated to show the aﬀects each change had on the
directivity of the model, with the plots shown in ﬁgure 3.7. The inﬁnite PEC
ground plane model is shown by the blue plot, the circular tin base plate model
is shown by the red plot and the circular tin base plate, metallic mount and
machining errors model is shown by the black plot.
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Figure 3.7: Directivity comparison plot, at 3.25 GHz, between the three models
shown in ﬁgure 3.6. The plots are taken at a plane cut of φ = 0◦, with directivity
plotted in dB on the radial axis and θ shown on the angular axis.
Considering the inﬁnite PEC ground plane model, plotted in blue, and the
circular tin base plate model, plotted in red, the need to deﬁne a realistic
plane becomes clear. The FEKO simulation software does not calculate the
radiation pattern below an inﬁnite ground-plane which would lead to a large
discrepancies when the simulated results are compared to the measured results
through the RMSE analysis method. It can also be seen that while the gen-
eral shape of the directivity patterns between these two plots are similar, the
directivity levels do diﬀer which would further exacerbate the RMSE analysis
method.
When the circular tin base plate model, plotted in red, and the circular tin
base plate, metallic mount and machining errors model, plotted in black, are
considered the change in the directivity pattern varies signiﬁcantly. Due to the
weight of the scale model a metallic mount was needed to be able to mount the
model to the anechoic chamber during measurements. As previously shown in
[29] a metallic mount does inﬂuence the overall results during measurements
which are further inﬂuenced by the machining errors of in the model.
Figure 3.8 shows the comparison in directivity pattern of the ideal model,
plotted in red, versus the real-world measured model, plotted in blue. The
ideal model is the same as the circular tin base plate model above with no
machining errors and no metallic stand.
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Figure 3.8: Directivity comparison plot, at 3.25 GHz, of the scale single element
model between the measured results and the simulated results of an ideal model.
The plots are taken at a plane cut of φ = 0◦, with directivity plotted in dB on the
radial axis and θ shown on the angular axis.
When considering ﬁgure 3.8 the aﬀects that machining errors and metallic
stand have on the directivity carry over to the real-world measured model.
For this reason the metallic stand and the machining errors are included in
the simulation of the scale models to reduce the RMSE diﬀerence between the
simulation and measured results.
3.3.1 Scale Single Element Model Simulation
The set-up of the simulation of the scale single element model are outlined in
this section with table 3.2 showing the summary of unknowns of the model and
ﬁgures 3.9 and 3.10 showing the simulation model in the FEKO EM software.
Table 3.2: 1:100 Scale single element model simulation set-up.
Discretised Model Solver Settings
Source Waveguide port
Solver MoM
RAM used 5.94 GB
Number of metallic triangles 22 399
Number of dielectric triangles 91
Number of metallic unknowns 36 743
Number of dielectric unknowns 122
Number of unknown basis functions for MoM 36 987
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Figure 3.9: 1:100 Scale single element model simulation with stand. Scale single el-
ement model that was simulated in the FEKO software along with the metallic stand
that was used to mount the model in the anechoic chamber during measurements.
From the ﬁgure 3.9 the antenna element can be seen in front of the maroon
perspex sheet which holds the 6 reﬂector wires in place. The image on the
right is an ISO view of the simulation model clearly showing the metallic
stand underneath the model and the blue tin base, with waveguide port used
to excite the coaxial cable holding the element and sleeve balun in place.
Figure 3.10: Additional images of the 1:100 scale single element model simulation
with stand. These images aim to provide a clearer view of the scale single element
model that was simulated in the FEKO software.
Considering ﬁgure 3.10 the metallic stand and the placement of the reﬂector
wires are shown more clearly with their respective positions in relation to the
blue tin base plate.
3.3.2 Scale Single Element Model Results Comparison
The results between the measured versus simulated scale single element model
are discussed in this section. With ﬁgures 3.11 and 3.12 showing the antenna
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under test (AUT) in the anechoic chamber during measurements.
Figure 3.11: Photographs of the 1:100 scale single element model under test in
the anechoic chamber. The pictures show the AUT with the connection to the
measurement apparatus in the left photograph and the antenna probe with the AUT
measurement set-up from the back in the photograph on the right.
Figure 3.12: 1:100 Scale single element model under test in the anechoic chamber.
The photograph on the left clearly shows the reﬂector wires on the AUT, while the
photograph on the right is of the measurement set-up of the probe antenna and AUT
from the front.
Figures 3.11 and 3.12 shown the scale single element model test set-up in the
anechoic chamber from the back and from the front respectively. The model
can be seen mounted to the mounting point of the anechoic chamber and con-
nected to the measurement apparatus via the blue coaxial cable.
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Figure 3.13: 1:100 Scale single element simulated ideal S11 (black) versus simu-
lated machined S11 (red). This ﬁgure shows the shift in operating frequency from
1.275 GHz down to 1.129 GHz when the manufacturing errors are included in the
simulation model. 21 Frequency points were simulated and plotted here, to match
the 21 frequency points which the real-world model was measured at.
Shown in ﬁgure 3.13 is the comparison of the S11 between the simulations of
the ideal model (black) versus the machined model (red). The manufacturing
errors shift the operating frequency down from 1.275 GHz to 1.129 GHz. This
coincides with the measured S11 shown in ﬁgure 3.14 as the blue line, where
the measured operating frequency has also shifted down to 1.129 GHz in the
real-world model.
Figure 3.14 shows the plot of the measured S11 in blue versus the simulated
S11 in red which include all machining error and incorrect dimensions which
were present on the real-world model over a frequency range of 0.776 GHz -
3.25 GHz.
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Figure 3.14: 1:100 Scale single element measured S11 (blue) versus simulated ma-
chined S11 (red). This ﬁgure shows that the shift in operating frequency from 1.275
GHz down to 1.129 GHz is also seen when the real-world model was measured and
further conﬁrms this shift in the simulation of the machined model. 21 Frequency
points were measured and plotted here against the 21 frequency points which were
simulated.
Figure 3.15: Antenna orientation in respect to the polar plot of the results. The
ﬁgure above shows how the scale model is orientated when looking at the results on
the polar plot.
The orientation of the scale model in respect to the polar plots to follow is
shown in ﬁgure 3.15, with the front of the antenna point towards the 0◦ di-
rection. With θ being on the angular axis of the polar plot, directivity on the
radial axis in dB and the plane cut taken at the φ = 0◦.
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Figure 3.16: 1:100 Scale single element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 1.625 GHz. The θ angles are on the
angular axis of the polar plot and directivity on the radial axis in dB.
The comparison between the far-ﬁeld directivity of the measured (blue) versus
the simulated machined (red) results is shown in ﬁgure 3.16 at 1.625 GHz,
with the antenna pointing to the right of the polar graph in the direction of
0◦. The biggest diﬀerence in the results can be seen between θ = 150◦ - 270◦
where the reﬂector and mounting bracket are located.
Figure 3.17: 1:100 Scale single element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 3.125 GHz. The directivity is on the
radial axis in dB and θ angles on the angular axis of the polar plot.
Figure 3.17 shows the comparison of the far-ﬁeld directivity between the mea-
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sured (blue) versus the simulated machined (red) results at 3.125 GHz, with
the antenna pointing to the right of the polar graph in the direction of 0◦.
Here the greatest diﬀerence is seen around θ = 90◦ directly above the top wire
of the reﬂector.
The comparison at 3.250 GHz between the far-ﬁeld directivity of the measured
(blue) versus the simulated machined (red) results, with the antenna pointing
to the right of the polar graph in the direction of 0◦ are is shown in ﬁgure 3.18.
The largest diﬀerence is around θ = 270◦ where the model is mounted to the
anechoic chamber via the metallic stand.
Figure 3.18: 1:100 Scale single element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 3.250 GHz. The θ angles are on the
angular axis of the polar plot and directivity on the radial axis in dB.
Considering ﬁgures 3.16 - 3.18 the comparison between the far-ﬁeld directivity
of the measured (blue) versus the simulated machined (red) results are sim-
ilar. Figure 3.14 shows the expected S11 achieved through the simulation of
the machined model has some diﬀerences to the results of the S11 that were
measured from the real-world model. This in conjunction with the machining
errors that cannot be perfectly matched in the simulation model, ensuring the
antenna element is perpendicular to the ground-plane at all times during the
measurement and chamber factors. By converting the results to linear val-
ues the RMSE analysis method [25] can be used to quantify the comparison
between the simulated versus measured results, the comparisons can then be
converted back into dB values. When comparing the results, the FEKO simu-
lations have an average diﬀerence of 1.06 dB from the measured results of the
forward beam total directivity level and an average of 2.1 dB in diﬀerence for
the reverse beam and below the ground-plane total directivity level. Provid-
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ing an overall diﬀerence in total directivity level of 1.4 dB for the scale single
element model.
3.3.3 Scale Three Element Model Simulation
This section discusses the simulation of the 1:100 scale three element model
and its set-up. Both the simulation and measurement procedures were run in
the same way, namely, in the ﬁrst set-up, the antenna element 1 was excited
with a source while antenna elements 2 and 3 were loaded with a 50Ω load. In
the second set-up antenna element 2 was excited with a source while antenna
elements 1 and 3 were loaded with a 50Ω load. The ﬁnal set-up excited antenna
element 3 with a source while antenna elements 1 and 2 were loaded with a 50Ω
load. With ﬁgures 3.19 and 3.20 clearly showing the FEKO simulation model.
The purpose of alternating the source and load connections between the three
elements was to have a scale measurement which resembled the SuperDARN
radar's set-up and to be able to measure directivity with one port.
Table 3.3: 1:100 Scale three element model simulation set-up.
Discretised Model Solver Settings
Source Edge port
Solver MoM
RAM used 20.992 GB
Number of metallic triangles 43 241
Number of dielectric triangles 0
Number of metallic unknowns 64 617
Number of dielectric unknowns 0
Number of unknown basis functions for MoM 64 617
Figure 3.19 shows the element conﬁguration in the simulation model of the
three element scale model with the reﬂector wires held in place by the maroon
perspex sheet over all three elements. Each element is excited using a edge
port placed at the end of the coaxial cable.
The metallic stand in relation to the blue tin base is shown in ﬁgure 3.20, which
was used to mount the model to the anechoic chamber during measurements.
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Figure 3.19: 1:100 Scale three element model simulation with stand. The left image
distinctly shows the three elements with their edge port excitation sources, with the
maroon perpex sheet that holds the reﬂector wires in place behind the elements. The
ISO image on the right provides a clearer view of the 6 reﬂector wire placements.
Figure 3.20: Additional ﬁgure of the 1:100 scale three element model simulation.
These images clearly show the location of the edge ports at the ends of the coaxial
cables, along with the blue tin base and metallic stand.
3.3.4 Scale Three Element Model Results Comparison
Figures 3.21 and 3.22 clearly shows the AUT in the anechoic chamber. With
ﬁgure 3.23 showing the S11 of the measured real-world model of each element
with the solid blue, black and red plots in comparison to their respective sim-
ulated machined S11 values the dashed blue, black and red plots. Again some
discrepancies between the S11 from the simulation of the machined model and
what was achieved when the measurements were taken. The results of the
comparison data are shown in ﬁgures 3.25 - 3.33, with the machining errors
causing an average diﬀerence of 1.56 dB between the simulated and measured
results of the forward beam total directivity level and an average diﬀerence of
2.6 dB for the reverse beam and below the ground-plane total directivity level.
Therefore, it can be said that the Altair Hyperworks FEKO EM software solver
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has an average diﬀerence of 2.09 dB for the overall total directivity level for
the scale three element model. These comparisons were determined using the
RMSE method by ﬁrst converting the results to determine the comparisons
and then converting them back into dB values [25].
Figure 3.21: 1:100 Scale three element model under test in Stellenbosch University
Electrical and Electronics's anechoic chamber. The photographs show the scale single
element model under test, the connection to the measurement apparatus for set-up
1 and the antenna probe.
The photographs in ﬁgure 3.21 show the connections of the source, in this case
at the top, and the loads underneath the model are shown and the measure-
ment set-up with the probe antenna and the AUT from the back.
Figure 3.22 shows the measurement set-up of the three scale element model in
the anechoic chamber from the front.
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Figure 3.22: Photographs of the 1:100 scale three element model under test in Stel-
lenbosch University Electrical and Electronics's anechoic chamber. The photograph
on the left more clearly shows the reﬂector wires on the AUT, while the photograph
on the right shows the measurement set-up from the front.
Figure 3.23: 1:100 Scale three element model measured S11 element 1 (solid blue),
measured S11 element 2 (solid black), measured S11 element 3 (solid red) versus
simulated machined S11 element 1 (dashed blue), simulated machined S11 element 2
(dashed black) and simulated machined S11 element 3 (dashed red).
Each measured S11 results is shown in comparison to its respective simulated
S11 in ﬁgure 3.23 over a frequency range of 0.776 GHz - 3.25 GHz with 21
frequency points plotted.
Figure 3.24 shows how the three element model is orientated with respects to
the polar plot, the front of the antenna point towards the 0◦ direction. With
θ being on the angular axis of the polar plot, directivity on the radial axis in
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Figure 3.24: Antenna orientation in respect to the polar plot of the results for the
scale three element model. The orientation of the scale model in respect to the polar
plot axis is shown in this ﬁgure.
dB and the plane cut taken at the φ = 0◦
Figure 3.25: 1:100 Scale three element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 1.625 GHz, with set-up 1. Directiv-
ity, in dB, is on the radial axis while θ is on the angular axis of the polar plot.
The comparison between the far-ﬁeld directivity of set-up 1's measured (blue)
versus the simulated machined (red) results is shown in ﬁgure 3.25 at 1.625 GHz,
with the antenna pointing to the right of the polar graph in the direction of
0◦. Here the largest diﬀerences are between θ = 90◦ - 270◦ where the reﬂector
and metallic stand are located.
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Figure 3.26: 1:100 Scale three element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 3.125 GHz, with set-up 1. θ is on
the angular axis and directivity on the radial axis, in dB, of the polar plot.
Figure 3.26 shows the comparison between the far-ﬁeld directivity of set-up
1's measured (blue) versus the simulated machined (red) results at 3.125 GHz,
with the antenna pointing to the right of the polar graph in the direction of 0◦.
The greatest diﬀerence in results is around θ = 180◦ - 300◦ where the model
is mounted to the anechoic chamber.
Figure 3.27: 1:100 Scale three element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 3.250 GHz, with set-up 1. Directiv-
ity, in dB, is on the radial axis while θ is on the angular axis of the polar plot.
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The comparison at 3.250 GHz between the far-ﬁeld directivity of set-up 1's
measured (blue) versus the simulated machined (red) results, with the an-
tenna pointing to the right of the polar graph in the direction of 0◦ are is
shown in ﬁgure 3.27. The largest diﬀerence is around θ = 200◦ - 240◦ where
the model is mounted to the anechoic chamber via the metallic stand.
Figure 3.28: 1:100 Scale three element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 1.625 GHz, with set-up 2. Directiv-
ity, in dB, is on the radial axis while θ is on the angular axis of the polar plot.
The comparison between the far-ﬁeld directivity of set-up 2's measured (blue)
versus the simulated machined (red) results is shown in ﬁgure 3.28 at 1.625 GHz,
with the antenna pointing to the right of the polar graph in the direction of
0◦. The biggest diﬀerence is around θ = 300◦ where the model is mounted on
the metallic stand.
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Figure 3.29: 1:100 Scale three element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 3.125 GHz, with set-up 2. θ is on
the angular axis and directivity on the radial axis, in dB, of the polar plot.
Figure 3.29 shows the comparison between the far-ﬁeld directivity of set-up
2's measured (blue) versus the simulated machined (red) results at 3.125 GHz,
with the antenna pointing to the right of the polar graph in the direction of
0◦. The greatest diﬀerence in results is at θ = 90◦ where the top reﬂector wire
is located and θ = 300◦ where the model is mounted to the anechoic chamber.
Figure 3.30: 1:100 Scale three element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 3.250 GHz, with set-up 2. Directiv-
ity, in dB, is on the radial axis while θ is on the angular axis of the polar plot.
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The comparison at 3.250 GHz between the far-ﬁeld directivity of set-up 2's
measured (blue) versus the simulated machined (red) results, with the an-
tenna pointing to the right of the polar graph in the direction of 0◦ are is
shown in ﬁgure 3.30. The largest diﬀerence is about θ = 240◦ where the model
is mounted to the anechoic chamber via the metallic stand.
Figure 3.31: 1:100 Scale three element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 1.625 GHz, with set-up 3. θ is on
the angular axis and directivity on the radial axis, in dB, of the polar plot.
The comparison between the far-ﬁeld directivity of set-up 3's measured (blue)
versus the simulated machined (red) results is shown in ﬁgure 3.31 at 1.625 GHz,
with the antenna pointing to the right of the polar graph in the direction of
0◦. The biggest diﬀerences are between θ = 90◦ - 270◦ where the reﬂector and
metallic stand are located.
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Figure 3.32: 1:100 Scale three element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 3.125 GHz, with set-up 3. Directiv-
ity, in dB, is on the radial axis while θ is on the angular axis of the polar plot.
Figure 3.32 shows the comparison between the far-ﬁeld directivity of set-up
3's measured (blue) versus the simulated machined (red) results at 3.125 GHz,
with the antenna pointing to the right of the polar graph in the direction of 0◦.
The greatest diﬀerence in results is at θ = 180◦ where the model is mounted
to the anechoic chamber.
Figure 3.33: 1:100 Scale three element measured far-ﬁeld directivity (blue) versus
simulated machined far-ﬁeld directivity (red) at 3.250 GHz, with set-up 3. θ is on
the angular axis and directivity on the radial axis, in dB, of the polar plot.
The comparison between the far-ﬁeld directivity of set-up 3's measured (blue)
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versus the simulated machined (red) results is shown in ﬁgure 3.33 at 3.25 GHz,
with the antenna pointing to the right of the polar graph in the direction of
0◦. Here the biggest diﬀerences are at θ = 330◦ metallic stand is located.
Table 3.4: Summary of RMSE diﬀerences between simulated and measured results.
Model
Forward beam
diﬀerence
Reverse beam
diﬀerence
Overall
diﬀerence
Scale single element 1.06 dB 2.1 dB 1.4 dB
Scale three element
Set-up 1
1.98 dB 2.72 dB 1.99 dB
Scale three element
Set-up 2
2.01 dB 2.56 dB 2.45 dB
Scale three element
Set-up 3
1.85 dB 2.87 dB 2.09 dB
Through the use of two scale models and Altair Hyperworks FEKO EM soft-
ware solver the diﬀerences between the measured and simulated results were
quantiﬁed through the RMSE method with the summary of results shown in
table 3.4.
3.4 Discussion
The purpose of the work done in this chapter was to verify scale modelling
to provide conﬁdence in the Altair Hyperworks FEKO software. This method
would then determine whether or no the FEKO results of the full-scale model
would be accurate. The chapter ﬁrst outlined the design and manufacture of
the 1:100 scale single and three element models. Followed by the simulation
set-up and procedure for the 1:100 scale single element model and compared
the real-world measured to the simulated machined results, namely looking
at the comparisons between the S11 and far-ﬁeld directivity. The process was
then repeated for that of the 1:100 scale three element model.
The manufacturing errors were incorporated into the simulation models to
more accurately represent the real-world model being tested. In the anechoic
chamber the antenna under test (AUT) is slightly oﬀset from the centre of
measurement and although in the initial measurement set-up of setting the
centre point of measurement for the probe antenna, along with mounting the
AUT on a stand to get the AUT as close to the centre point as possible, this
adds further discrepancies between the measured versus simulated results.
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 3. MEASUREMENT AND SIMULATION OF SCALE MODEL 56
With the half corner reﬂector included in the scale model design, less energy
is directed to the back of the antenna which would account for the diﬀerences
in the measured versus simulated results between θ = 90◦ - 180◦, in the φ = 0◦
plane. Between θ = 180◦ - 360◦, in the φ = 0◦ plane, this was where the model
was mounted with the metallic stand to the anechoic chamber mount with the
absorber foam which creates even more uncertainty when the measurement
antenna probe between these two angles. Where the simulated matching (S11)
is poor compared to the measured S11 input energy is sent back through the
input cables, as seen at 2.9 GHz in ﬁgures 3.14 and 3.23 where the diﬀerences in
S11 are 5.547 dB and 9.55 dB respectively. Between θ = 0
◦ - 90◦, in the φ = 0◦
plane, is where the directivity of the forward beam is located and between these
two angles, the simulation results closely match those of the measured results.
With Altair Hyperworks FEKO total directivity level results having an average
overall diﬀerence of 3 dB when compared to the measured total directivity level
for the scale single element model and average overall diﬀerence of 3.7 dB for
the directivity level of the scale three element model, when using the RMSE
method. Stellenbosch's anechoic chamber has a measurement uncertainty of
2 dB - 4 dB between a frequency range of 0.75 GHz - 3 GHz [30] which were also
taken into consideration. The summary of diﬀerences tabulated in table 3.4.
3.5 Conclusion
This chapter has discussed the method used to determine whether or not the
FEKO EM solver software can be used to evaluate the full-scale SuperDARN
radar model with conﬁdence, through the use of two 1:100 scale models. Al-
though there are some discrepancies between the measured versus simulated
results, the RMSE values are all below 3 dB, lying well wihtin the conﬁdence
level of 8-9 dB described at the beginning of the chapter. It can be stated
that the FEKO simulation software can be used with conﬁdence to evaluate
the full-scale SuperDARN radar antenna array.
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Chapter 4
Simulation of Full-Scale Model
4.1 Introduction
In this chapter, the full-scale model will be evaluated using the FEKO EM
solver software. The purpose of this chapter is to correctly characterise the
directivity of the full-scale SuperDARN radar antenna array so that the front-
to-back ratio can be improved, as it has been shown that if the backwards
radiation has considerable power it will complicate data analysis as backscat-
ter signals are received from unwanted paths [5]. For TTFD antennas with
a full corner reﬂector it is expected to see a front-to-back ratio of around
10 - 12 dB [18]. The SuperDARN radar located at the SANAE IV base was
originally designed in FEKO by only modelling the radar over an inﬁnite PEC
ground plane, which is used as the starting point for the simulations. The
chapter will start oﬀ by looking at the installed radar set-up at the SANAE
IV base shown in ﬁgure 2.8, which shows the complete view of the radar,
and ﬁgure 4.1, which shows only the element of the radar, with the 90◦ half
corner reﬂector. After that, various adjustments are made to the corner re-
ﬂector, namely, (1) reﬂector's antenna cables connected behind the elements,
(2) behind the elements and in-between elements, (3) behind the elements and
in-between elements and then in-between again and (4) connected behind the
elements with equal wire spacing in the reﬂector. All these variations are com-
pared between the model over an inﬁnite PEC ground-plane and an inﬁnite
ice and granite ground-plane. This process is then mimicked for a full-scale
SuperDARN radar with a 90◦ full corner reﬂector. Appendix B contains the
results of a 90◦ ideal half and full plate corner reﬂector of various dimensions,
as well as 60◦ and 30◦ full corner reﬂectors with antenna cables connected be-
hind the elements. The reason for these variations are to see which practically
implementable solutions will improve the level of forward reﬂection. Higher
density mesh compared to wavelength (λ=23.59 m at 12.75 MHz) should im-
prove the reﬂection in theory. For all the simulations run in this chapter the
ﬁrst column of phase values in Appendix C were used to evaluate the model.
57
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4.2 Simulation Set-ups
This section will look at the simulation set-up for the various full-scale models
of the SuperDARN radar. The element for each antenna shown in ﬁgure 4.1
which uses wire ports for the excitation signal, using the phase matrix shown
in Appendix C [18], and loads. The 16-elements that make up the front array
are excited in this way while the 4-elements that make up the back array are
switched oﬀ as they are used as receivers. Figure 4.2 shows the side views of
the diﬀerent 90◦ half and full corner reﬂector set-ups, while the isometric views
are shown in ﬁgures 4.3 - 4.7 over the two diﬀerent ground-planes.
Figure 4.1: Element set-up for each antenna in the full-scale model. This ﬁgure
shows the set-up conﬁguration of the individual element with the load and excitation
wire ports with the dimensions in ﬁgure 2.8 and each element's respective phase value
shown in Appendix C.
Figure 4.1 clearly shows the an individual antenna element which is used on
the 16-front elements and the 4-back elements that make up the SuperDARN
radar. The wire ports are also shown to be deﬁned at the centre of the wire
segments with the loads on the top and bottom wires set to 0 Ω. As shown the
antenna element is excited with a wire port also deﬁned at the middle of the
wire segment with a magnitude of 600 W and each element's respective phase
value give in the phase matrix in Appendix C. The dimensions of the each wire
segments have also been clearly shown which were used for the construction
of the elements.
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Figure 4.2: Side views of the 90◦ half corner reﬂector (left) and 90◦ full corner
reﬂector (right). The two ﬁgure above show the side view of the 90◦ half and full
corner reﬂectors simulated on the full-scale SuperDARN radar model.
The side views of the corner reﬂectors shown in ﬁgure 4.2, on the left is the
currently installed 90◦ half corner reﬂector at the SANAE IV base while the
ﬁgure on the right is of a 90◦ full corner reﬂector which will be simulated later
in this chapter.
Figure 4.3: Simulation model of full-scale SuperDARN radar array with the in-
stalled 90◦ half corner reﬂector set-up over an inﬁnite PEC ground-plane. The ﬁgure
above is the isometric view of the full-scale radar antenna array with the dimensions
shown in ﬁgure 2.8 over an inﬁnite PEC ground-plane.
The SuperDARN radar is shown in ﬁgure 4.3 over an inﬁnite PEC ground-
plane, with the front 16-elements backed by the currently installed 90◦ half
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 4. SIMULATION OF FULL-SCALE MODEL 60
corner reﬂector and behind, the 4-elements that make up the back array.
Figure 4.4: Simulation model of full-scale SuperDARN radar array with a 90◦ full
corner reﬂector over an inﬁnite PEC ground-plane. The ﬁgure above is the isometric
view of the full-scale radar antenna array with a 90◦ full corner reﬂector with the
antenna cable connected behind each element, over an inﬁnite PEC ground-plane.
The 90◦ full corner reﬂector with the reﬂector wires connected behind the an-
tenna elements is shown in ﬁgure 4.4 over an inﬁnite PEC ground-plane. This
is one of the 90◦ full corner reﬂector which will be discussed later in this chap-
ter, with this ﬁgure clearly showing the antenna elements and spacing of these
elements was kept the same throughout the chapter.
Figure 4.5: Simulation model of full-scale SuperDARN radar array with the in-
stalled 90◦ half corner reﬂector set-up over inﬁnite ice and granite ground-plane.
The ﬁgure above is the isometric view of the full-scale SuperDARN radar antenna
array with the dimensions shown in ﬁgure 2.8 over an inﬁnite ice and granite ground-
plane.
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Figure 4.5 shows the same SuperDARN array with the currently installed 90◦
half corner reﬂector shown in ﬁgure 4.3 but over a ground-plane consisting
of an inﬁnitely wide and deep granite medium covered with a 1 m thick and
inﬁnitely wide ice medium at -1◦C.
Figure 4.6: Simulation model of full-scale SuperDARN radar array with a 90◦ full
corner reﬂector over an inﬁnite PEC ground-plane. The ﬁgure above is the isometric
view of the full-scale radar antenna array with a 90◦ full corner reﬂector with the
antenna cable connected behind each element, over an inﬁnite ice and granite ground-
plane.
The same 90◦ full corner reﬂector conﬁguration shown in ﬁgure 4.4 is shown
in ﬁgure 4.6 over the inﬁnite ice and granite ground-plane described above.
Figure 4.7 shows a zoomed out view to more clearly show the inﬁnite ice and
ground-plane conﬁguration. The ice at -1◦C which is 1 m thick and inﬁnitely
wide is depicted by the light blue square ground-plane shown in the ﬁgure.
While, the granite ground which is both inﬁnitely thick and wide is depicted
by the brown arrows pointing down on the corners of the ground-plane.
The antenna elements and the reﬂectors were all constructed in the simulation
software using PEC wiring, of radius 5 mm, to simulate the antenna cables used
in the real-world full-scale model. Wire ports were used as excitation sources,
with a magnitude of 600 W, and with a given phase value from SANSDR1
Phasing Matrix in Appendix C [18]. The loads were also deﬁned as wire ports
with their load value set to 0 Ω. The 4-back antennas, located 100 m from the
16-front elements, are identical to the front elements in the array except for
their wire port excitation source set to a magnitude of 0 W i.e. the back array
switched oﬀ.
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Figure 4.7: Simulation model of full-scale SuperDARN radar array with the in-
stalled 90◦ half corner reﬂector set-up over inﬁnite ice and granite ground-plane. The
ﬁgure above is the isometric view of the full-scale SuperDARN radar antenna array
with the dimensions shown in ﬁgure 2.8 over an inﬁnite ice and granite ground-plane
showing the brown arrows on the corners of the ground-plane indicating a granite
surface inﬁnitely thick.
The inﬁnite ice and granite ground consists of a layer of 1 m thick ice on top of
an inﬁnitely thick granite plane. With ice being deﬁned as a dielectric material
with the relative permittivity (r) and conductivity (σ) characteristics of ice
at -1◦C using the graphs from [31] as a function of frequency. Granite was
also deﬁned as a dielectric material using the graphs from [31] but due to the
large size of the simulation, it was chosen to keep the relative permittivity and
conductivity as a constant instead of a function of frequency to reduce run time
of the simulations. The relative permittivity and conductivity of granite were
set to the worst-case scenario i.e. the lowest values of relative permittivity and
conductivity with the values being 5 and 0.01 S/m respectively.
4.3 Results
The simulation results of the full-scale model are found in the subsections
below, ﬁrst various 90◦ half corner reﬂector set-up results are discussed in
section 4.3.1, with the summary of the results shown in tables 4.1 and 4.2, in
section 4.3.1.6. Section 4.3.1 then discusses what the results mean, moving on
to section 4.3.2 where 90◦ full corner reﬂector set-up results are considered.
Section 4.3.2.5 contains tables 4.3 and 4.4, which summarise the results of the
various 90◦ full corner reﬂector set-ups.
Each 90◦ corner reﬂector set-up is compared over an inﬁnite PEC ground to
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the same set-up over an inﬁnite granite, layered with 1 m ice, ground-plane, to
more easily describe how the ice and granite inﬂuence the SuperDARN radar
when it is operating at the SANAE IV base.
All results use the θ and φ co-ordinate system and for all polar plots in this
chapter the front directivity was taken as the highest level of directivity be-
tween θ = 0◦ - 90◦, the back directivity was taken as the highest level of
directivity between θ = 270◦ - 360◦ which are plotted on the angular axis of
the plots. All θ angle's are measured from the zenith, shown in ﬁgure 4.8, with
all polar plots taken at a plane cut of φ = 0◦ and all directivity levels are in
dB on the radial axis of the polar plots.
Figure 4.8: Full-scale SuperDARN radar orientation in respect to the polar plot
of the results. Directivity, in dB, is on the radial axis while θ is on the angular axis
with the polar plot at taken at a plane cut of φ = 0◦.
Figure 4.8 shows how the full-scale radar model is orientated when looking at
the results on the polar plot, with the front of the antenna pointing towards
the 90◦ direction on the angular axis.
4.3.1 Half Corner Reﬂector Results
This section considers the simulation results of the full-scale SuperDARN radar
model with various 90◦ half corner reﬂectors. It compares the results to the
same model over an inﬁnite PEC ground-plane and over an inﬁnite ice and
granite ground-plane. The simulation models in sections 4.3.1.1 - 4.3.1.4 use
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the reﬂector wire spacing shown in ﬁgure 4.9, which clearly shows the side
view of the 90◦ half corner reﬂector.
Each antenna element in all the simulations have the dimensions shown in ﬁg-
ure 4.1, with their respective phase value from the phase matrix in Appendix C
[18]. The complete summary of results can be found in section 4.3.1.6 in ta-
bles 4.1 and 4.2.
Figure 4.9: (Left)Antenna side view not to scale and (right) antenna side view
to scale in FEKO. The ﬁgures above aim to give a clearer view to the scale of the
dimensions for the half reﬂector, with the cross sections of the reﬂector wires in
FEKO exaggerated.
Figure 4.10: (Left) Front view and (right) left view of currently installed 90◦ half
corner reﬂector with the dimensions in ﬁgure 4.9 over an inﬁnite PEC ground. 3D
Total far-ﬁeld directivity results at 12.75 MHz of the installed SuperDARN radar at
the SANAE IV base over an inﬁnite PEC ground.
Figure 4.10 shows the 3D total far-ﬁeld directivity of the currently installed 90◦
half corner reﬂector over an inﬁnite PEC ground-plane, with the dimensions
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in ﬁgure 4.9 from the front and left.
Figure 4.11: (Left) Top view and (right) isometric view of currently installed 90◦
half corner reﬂector with the dimensions in ﬁgure 4.9 over an inﬁnite PEC ground.
3D Total far-ﬁeld directivity results at 12.75 MHz of the installed SuperDARN radar
at the SANAE IV base over an inﬁnite PEC ground.
The top and ISO views of the currently installed 90◦ half corner reﬂector's
3D total far-ﬁeld directivity over an inﬁnite PEC ground-plane are shown in
ﬁgure 4.11.
Figure 4.12: (Left) Front view and (right) left view of currently installed 90◦ half
corner reﬂector with the dimensions in ﬁgure 4.9 over an inﬁnite ice and granite
ground. 3D Total far-ﬁeld directivity results at 12.75 MHz of the installed Super-
DARN radar array at the SANAE IV base over an inﬁnite PEC ground.
Figure 4.12 shows the 3D total far-ﬁeld directivity of the currently installed
90◦ half corner reﬂector over an inﬁnite ice and granite ground-plane, with the
dimensions in ﬁgure 4.9 from the front and left.
The top and ISO views of the currently installed 90◦ half corner reﬂector's
3D total far-ﬁeld directivity over an inﬁnite ice and granite ground-plane are
shown in ﬁgure 4.13. The results of the simulations will be discussed in terms
of polar plots for the following sections as directivity results can be quantiﬁed
on polar plots.
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Figure 4.13: (Left) Top view and (right) isometric view of currently installed
90◦ half corner reﬂector with the dimensions in ﬁgure 4.9 over an inﬁnite ice and
granite ground. 3D Total far-ﬁeld directivity results at 12.75 MHz of the installed
SuperDARN radar array at the SANAE IV base over an inﬁnite PEC ground.
4.3.1.1 Installed 90◦ Half Corner Reﬂector
Results are obtained of the ﬁrst conﬁguration of the installed 90◦ half corner
wire reﬂector which is currently operating at the SANAE IV base, with its
reﬂector dimensions shown in ﬁgure 4.9 and the reﬂector wires connected at
the ends of the reﬂector shown in ﬁgure 4.14.
Figure 4.14: (Left) Back view and (right) ISO view of the 90◦ half corner reﬂector
installed at the SANAE IV base. Back and ISO view of the current 90◦ half corner
reﬂector installed at the SANAE IV base in the simulation model.
Over an inﬁnite PEC ground-plane the installed 90◦ half corner wire reﬂector
has a forward directivity level of 19.4 dB with a θ of 58◦ and a reverse directivity
level of 11 dB with a θ of 51.9◦, giving a front-to-back ratio of 8.4 dB.
Over an inﬁnite ice and granite ground-plane the installed 90◦ half corner wire
reﬂector has a forward directivity level of 18.1 dB with a θ of 62◦ and a reverse
directivity level of 11.7 dB with a θ of 55.7◦, giving a front-to-back ratio of
6.4 dB. With the comparison of ground-plane results shown on the polar plot
in ﬁgure 4.15, the blue plot is the model over the inﬁnite PEC ground-plane
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Figure 4.15: Directivity simulation results of the 90◦ half corner reﬂector installed
at the SANAE IV base. The blue plot is the simulation model over an inﬁnite PEC
ground-plane while the green plot is the same model over an inﬁnite ice and granite
ground-plane.
while the green plot is the same model over an inﬁnite ice and granite ground-
plane. The angular axis shows the θ angles, the plot is taken at the plane cut
of φ = 0◦ and the directivity levels are in dB on the radial axis.
PEC provides an ideal reﬂective surface with no losses, where the ice/granite
has losses and does not reﬂect as perfectly. Hence the decrease in front-to-back
ratio.
4.3.1.2 Installed 90◦ Half Corner Reﬂector Connected Behind
Elements
This next section of results is of the 90◦ half corner wire reﬂector currently
operating at the SANAE IV base, with its reﬂector dimensions shown in ﬁg-
ure 4.9 and the reﬂector wires connected at the ends of the reﬂector and behind
the antenna elements, shown in ﬁgure 4.16 which clearly show the connection
locations of the added reﬂector wires behind the elements. The reason for
extra connections are to replicate a more solid reﬂector surface compared to
wavelength.
Over an inﬁnite PEC ground-plane the 90◦ half corner wire reﬂector, with the
reﬂector wires connected behind the antenna elements, has a forward directiv-
ity level of 19.4 dB with a θ of 58◦ and a reverse directivity level of 11.1 dB
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Figure 4.16: (Left) Back view and (right) ISO view of the 90◦ half corner reﬂector
with the reﬂector wires connected behind the antenna elements. Back and ISO view
of a similar 90◦ half corner reﬂector installed at the SANAE IV base, but with the
reﬂector wires connected behind the antenna elements, in the simulation model.
Figure 4.17: Directivity simulation results of the 90◦ half corner reﬂector installed
at the SANAE IV base with the reﬂector wires connected behind the antenna el-
ements. The blue plot is the simulation model over an inﬁnite PEC ground-plane
while the green plot is the same model over an inﬁnite ice and granite ground-plane.
with a θ of 52.4◦, giving a front-to-back ratio of 8.3 dB.
Over an inﬁnite ice and granite ground-plane the 90◦ half corner wire reﬂector,
with the reﬂector wires connected behind the antenna elements, has a forward
directivity level of 18.1 dB with a θ of 62◦ and a reverse directivity level of
11.7 dB with a θ of 58.1◦, giving a front-to-back ratio of 6.4 dB. The comparison
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of ground-plane results are shown on the polar plot in ﬁgure 4.17, the blue plot
is over the inﬁnite PEC ground-plane while the green plot is the same model
over an inﬁnite ice and granite ground-plane. The angular axis shows the θ
angles, the plot is taken at the plane cut of φ = 0◦ and the directivity levels
are in dB on the radial axis.
The front-to-back ratio with the PEC ground-plane decreases by 0.1 dB com-
pared to the previous section, while the PEC compared to ice and granite
ground-plane are very similar ratios.
4.3.1.3 Installed 90◦ Half Corner Reﬂector Connected Behind and
In-Between Elements
This section of results is of the 90◦ half corner wire reﬂector currently operating
at the SANAE IV base, with its reﬂector dimensions shown in ﬁgure 4.9 and the
reﬂector wires connected at the ends of the reﬂector, behind and in-between the
antenna elements, shown in ﬁgure 4.18, showing the connection points behind
and in-between the antenna elements. With the addition of more reﬂector
wires connections further improving the reﬂector's surface area.
Figure 4.18: (Left) Back view and (right) ISO view of the 90◦ half corner reﬂector
with the reﬂector wires connected behind and in-between the antenna elements. Back
and ISO view of a similar 90◦ half corner reﬂector installed at the SANAE IV base,
but with the reﬂector wires connected behind and in-between the antenna elements,
in the simulation model.
Over an inﬁnite PEC ground-plane the 90◦ half corner wire reﬂector, with the
reﬂector wires connected behind and in-between the antenna elements, has a
forward directivity level of 19.4 dB with a θ of 58◦ and a reverse directivity
level of 11.2 dB with a θ of 51.8◦, giving a front-to-back ratio of 8.2 dB.
Over an inﬁnite ice and granite ground-plane the 90◦ half corner wire reﬂector,
with the reﬂector wires connected behind and in-between the antenna elements,
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 4. SIMULATION OF FULL-SCALE MODEL 70
Figure 4.19: Directivity simulation results of the 90◦ half corner reﬂector installed
at the SANAE IV base with the reﬂector wires connected behind and in-between
the antenna elements. The blue plot is the simulation model over an inﬁnite PEC
ground-plane, the green plot is the same model over an inﬁnite ice and granite
ground-plane.
has a forward directivity level of 18.1 dB with a θ of 62◦ and a reverse directivity
level of 11.7 dB with a θ of 58.1◦, giving a front-to-back ratio of 6.4 dB. With
the comparison of ground-plane results shown on the polar plot in ﬁgure 4.19,
the blue plot is the model over the inﬁnite PEC ground-plane while the green
plot is the same model over an inﬁnite ice and granite ground-plane. The
angular axis shows the θ angles, the plot is taken at the plane cut of φ = 0◦
and the directivity levels are in dB on the radial axis.
The change in front-to-back ratio with the PEC ground-plane was negligible
when compared to the previous section and the PEC compared to ice and
granite ground-plane were again very similar ratios.
4.3.1.4 Installed 90◦ Half Corner Reﬂector Connected Behind,
In-Between and In-Between Elements Again
This section of results is of the 90◦ half corner wire reﬂector currently operating
at the SANAE IV base, with its reﬂector dimensions shown in ﬁgure 4.9 and the
reﬂector wires connected at the ends of the reﬂector, behind, in-between and
in-between again the antenna elements, with all the connection points along the
reﬂector clearly shown in ﬁgure 4.20. This last scenario using the SuperDARN
radar wire spacing is the reﬂector set-up which provides the largest surface
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area.
Figure 4.20: (Left) Back view and (right) ISO view of the 90◦ half corner reﬂector
with the reﬂector wires connected behind and in-between, then in-between again,
the antenna elements. Back and ISO view of a similar 90◦ half corner reﬂector
installed at the SANAE IV base, but with the reﬂector wires connected behind and
in-between, then in-between again, the antenna elements, in the simulation model.
Figure 4.21: Directivity simulation results of the 90◦ half corner reﬂector installed
at the SANAE IV base with the reﬂector wires connected behind and in-between,
then in-between again, the antenna elements. The blue plot is the simulation model
over an inﬁnite PEC ground-plane while the green plot is the same model over an
inﬁnite ice and granite ground-plane.
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Over an inﬁnite PEC ground-plane the 90◦ half corner wire reﬂector, with the
reﬂector wires connected behind, in-between and in-between again the antenna
elements, has a forward directivity level of 19.4 dB with a θ of 58◦ and a reverse
directivity level of 11.2 dB with a θ of 52.4◦, giving a front-to-back ratio of
8.2 dB.
Over an inﬁnite ice and granite ground-plane the installed 90◦ half corner wire
reﬂector, with the reﬂector wires connected behind, in-between and in-between
again the antenna elements, has a forward directivity level of 18.1 dB with a θ
of 62◦ and a reverse directivity level of 11.7 dB with a θ of 58◦, giving a front-
to-back ratio of 6.4 dB. The comparison of ground-plane results are shown on
the polar plot in ﬁgure 4.21, the blue plot is over the inﬁnite PEC ground-
plane while the green plot is the same model over an inﬁnite ice and granite
ground-plane. The angular axis shows the θ angles, the plot is taken at the
plane cut of φ = 0◦ and the directivity levels are in dB on the radial axis.
The improvement of the front-to-back over the PEC ground-plane can again
be considered negligible when compared to the previous section and the PEC
compared to ice and granite ground-plane has a very similar ratio.
4.3.1.5 90◦ Half Corner Reﬂector with Equal Wire Spacing
Connected Behind Elements
This section of results is of a 90◦ half corner wire reﬂector with the reﬂector
wires equally spaced with 1.4 m between each wire to ensure a true equally
spaced corner reﬂector, with ﬁgure 4.22 clearly showing this 1.4 m spacing
between the reﬂector wire. Figure 4.23 shows the connection points of the
added reﬂector wiring connected behind the antenna element.
Over an inﬁnite PEC ground-plane the 90◦ half corner wire reﬂector with equal
wire spacing, connected behind the antenna elements, has a forward directivity
level of 19.1 dB with a θ of 60◦ and a reverse directivity level of 13.4 dB with
a θ of 51.5◦, giving a front-to-back ratio of 5.7 dB.
Over an inﬁnite ice and granite ground-plane the 90◦ half corner wire reﬂector
with equal wire spacing, connected behind the antenna elements, has a forward
directivity level of 17.8 dB with a θ of 64◦ and a reverse directivity level of
12.5 dB with a θ of 57.6◦, giving a front-to-back ratio of 5.3 dB. The comparison
of ground-plane results are shown on the polar plot in ﬁgure 4.24, the blue plot
is over the inﬁnite PEC ground-plane while the green plot is the same model
over an inﬁnite ice and granite ground-plane. The angular axis shows the θ
angles, the plot is taken at the plane cut of φ = 0◦ and the directivity levels
are in dB on the radial axis.
There is a decrease in front-to-back by 2.5 dB over the PEC ground-plane when
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Figure 4.22: Side view of equally spaced 90◦ half corner reﬂector with the wires
connected behind the antenna elements. Cross section of the side view of a 90◦ half
corner reﬂector with the reﬂector wires equally spaced in the simulation model, wire
cross sections are exaggerated.
Figure 4.23: (Left) back view and (right) ISO view of a 90◦ half corner reﬂector
with the wires equally spaced and connected behind the antenna elements. Back and
ISO view of a 90◦ half corner reﬂector with the reﬂector wires equally spaced in the
simulation model.
compared to the previous section. While the PEC compared to ice and granite
ground-plane have the lowest forward directivity level and the hight reverse
directivity level of all the 90◦ half corner wire reﬂector set-ups simulated.
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Figure 4.24: Directivity simulation results of a 90◦ half corner reﬂector with the
reﬂector wires equally spaced from each other and connected behind the antenna
elements. The blue plot is the simulation model over an inﬁnite PEC ground-plane
while the green plot is the same model over an inﬁnite ice and granite ground-plane.
4.3.1.6 Summary of Half Corner Reﬂector Results
In this section the 90◦ half corner wire reﬂectors are summarised ﬁrst in ta-
ble 4.1 for the diﬀerent models over an inﬁnite PEC ground-plane and then
in table 4.2 for the same models over an inﬁnite granite ground-plane layer
with a 1 m thick layer of ice at -1◦C. It is important to note that all angles in
tables 4.1 and 4.2 are taken from the zenith.
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Table 4.1: Simulation results of full-scale SuperDARN radar array with a 90◦ half
corner reﬂector over an inﬁnite PEC ground.
Model
Front
Directivity
and Angle
Back
Directivity
and Angle
Front-to
-Back
Ratio
·Wire corner reﬂector (half)
·Current set-up
19.4 dB
58◦
11 dB
51.9◦
8.4 dB
·Wire corner reﬂector (half)
·Connected behind elements
19.4 dB
58◦
11.1 dB
52.4◦
8.3 dB
·Wire corner reﬂector (half)
·Connected behind elements
and in-between
19.4 dB
58◦
11.2 dB
51.8◦
8.2 dB
·Wire corner reﬂector (half)
·Connected behind elements
and in-between x 2
19.4 dB
58◦
11.2 dB
52.4◦
8.2 dB
·Wire corner reﬂector (half)
·Connected behind elements
·Equal wire spacing
19.1 dB
60◦
13.4 dB
51.5◦
5.7 dB
Table 4.2: Simulation results of full-scale SuperDARN radar array with a 90◦ half
corner reﬂector over an inﬁnite ice and granite ground.
Model
Front
Directivity
and Angle
Back
Directivity
and Angle
Front-to
-Back
Ratio
· Wire corner reﬂector (half)
·Installed set-up
18.1 dB
62◦
11.7 dB
55.7◦
6.4 dB
·Wire corner reﬂector (half)
·Connected behind elements
18.1 dB
62◦
11.7 dB
58.1◦
6.4 dB
·Wire corner reﬂector (half)
·Connected behind elements
and in-between
18.1 dB
62◦
11.7 dB
58.1◦
6.4 dB
·Wire corner reﬂector (half)
·Connected behind elements
and in-between x 2
18.1 dB
62◦
11.7 dB
58◦
6.4 dB
·Wire corner reﬂector (half)
·Connected behind elements
·Equal wire spacing
17.8 dB
64◦
12.5 dB
57.6◦
5.3 dB
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4.3.1.7 Discussion
The polar plots shown in ﬁgures 4.15, 4.17, 4.19, 4.21 and 4.24 are the results
in section 4.3.1, the biggest diﬀerence between the results of a model over an
inﬁnite PEC ground-plane versus the over an inﬁnite ice and granite ground-
plane occur directly above the antenna element. This can be attributed to
two factors, ﬁrstly, the diﬀerence in relative permittivity (r) and conductivity
(σ) between the two ground-planes i.e. the PEC ground-plane reﬂects the EM
waves from the SuperDARN radar with minimal loses while the ice and granite
ground-plane reﬂects the EM waves though some energy is dissipated through
the ice and granite. This is further conﬁrmed by the decrease θ for both the
forward and reverse directivity. Secondly, the 90◦ half corner reﬂector, while
reﬂecting EM waves in the forward direction, also reﬂects a large amount of
the EM waves directly back into the ground-plane and not outwards to the
forward direction of the array. From these results of increasing the surface area
of the reﬂector by adding more wires to the 90◦ half corner wire reﬂector, little
to no improvement the front-to-back ratio for all of the set-ups simulated.
With respects to the two diﬀerent ground-planes, the forward directivity levels
only decrease by around 1.3 dB for each model while the reverse directivity lev-
els remain practically unchanged. This indicates two particular points; ﬁrstly
the 90◦ half corner wire reﬂector does indeed reﬂect EM waves to the forward
direction but secondly, it does little to hinder EM wave propagation in the re-
verse direction. To try and improve on this hindrance of EM wave propagation
in the reverse direction a 90◦ full corner wire reﬂector was looked at next.
4.3.2 Full Corner Reﬂector Results
This section considers the simulation results of the full-scale SuperDARN radar
model with various 90◦ full corner reﬂectors and compares the results to the
same model over an inﬁnite PEC ground-plane and over an inﬁnite ice and
granite ground-plane. The simulation models in sections 4.3.2.1 - 4.3.2.3 the
reﬂector dimensions shown in ﬁgure 4.25. In order to keep the 1.5 m wire
spacings, the initial wire spacing of 5.5 m was reduced to 3.9 m.
Each antenna element in all the simulations have the dimensions shown in
ﬁgure 4.1, with their respective phase value from the phase table in [18]. The
complete summary of results can be found in section 4.3.2.5 in tables 4.3 and
4.4.
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Figure 4.25: Antenna side view showing the 90◦ full corner wire reﬂector to scale
in FEKO. The ﬁgure above shows the dimensions of the 90◦ full corner wire reﬂector
simulated in FEKO with the wire cross sections exaggerated.
Figure 4.26: (Left) Front view and (right) left view 90◦ full corner reﬂector over an
inﬁnite PEC ground-plane. 3D Total far-ﬁeld directivity simulation results at 12.75
MHz of the SuperDARN radar array with a 90◦ full corner reﬂector over an inﬁnite
PEC ground.
Figure 4.26 shows the 3D total far-ﬁeld directivity, front the front and left, of a
90◦ full corner reﬂector with the reﬂector wires connected behind the antenna
elements and the dimensions in ﬁgure 4.25 over an inﬁnite PEC ground-plane.
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Figure 4.27: (Left) top view and (right) isometric view of 90◦ full corner reﬂector
over an inﬁnite PEC ground-plane. 3D Total far-ﬁeld directivity simulation results
at 12.75 MHz of the SuperDARN radar array with a 90◦ full corner reﬂector over an
inﬁnite PEC ground.
The top and ISO views are shown in ﬁgure 4.27 of a 90◦ full corner reﬂector
with the reﬂector wires connected behind the antenna elements over an inﬁnite
PEC ground-plane.
Figure 4.28: (Left) front view and (right) left view of 90◦ full corner reﬂector over
an inﬁnite ice and granite ground-plane. 3D Total far-ﬁeld directivity results at
12.75 MHz of the SuperDARN radar with a 90◦ full corner reﬂector over an inﬁnite
ice and granite ground.
Figure 4.28 shows the 3D total far-ﬁeld directivity, front the front and left, of a
90◦ full corner reﬂector with the reﬂector wires connected behind the antenna
elements and the dimensions in ﬁgure 4.25 over an inﬁnite ice and granite
ground-plane.
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Figure 4.29: (Left) top view and (right) isometric view of 90◦ full corner reﬂector
over an inﬁnite ice and granite ground-plane. 3D Total far-ﬁeld directivity results at
12.75 MHz of the SuperDARN radar with a 90◦ full corner reﬂector over an inﬁnite
ice and granite ground.
The top and ISO views are shown in ﬁgure 4.29 of a 90◦ full corner reﬂector
with the reﬂector wires connected behind the antenna elements over an inﬁnite
ice and granite ground-plane.
4.3.2.1 90◦ Full Corner Reﬂector Connected Behind Elements
This ﬁrst section of results is of the 90◦ full corner wire reﬂector, with its
reﬂector dimensions shown in ﬁgure 4.9 and the reﬂector wires connected at
the ends of the reﬂector and behind the antenna elements, clearly shown in
ﬁgure 4.30.
Figure 4.30: (Left) Back view and (right) ISO view of a 90◦ full corner reﬂector
with the reﬂector wires connected behind the antenna elements. Back and ISO view
of a 90◦ full corner reﬂector with the reﬂector wires connected behind the antenna
elements, in the simulation model.
Over an inﬁnite PEC ground-plane the 90◦ full corner wire reﬂector, with the
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Figure 4.31: Directivity simulation results of the 90◦ full corner reﬂector with
the reﬂector wires connected behind the antenna elements. The blue plot is the
simulation model over an inﬁnite PEC ground-plane while the green plot is the same
model over an inﬁnite ice and granite ground-plane.
reﬂector wires connected behind the antenna elements, has a forward directiv-
ity level of 20 dB with a θ of 60◦ and a reverse directivity level of 5.2 dB with
a θ of 50.4◦, giving a front-to-back ratio of 14.8 dB.
Over an inﬁnite ice and granite ground-plane the 90◦ full corner wire reﬂector,
with the reﬂector wires connected behind the antenna elements, has a forward
directivity level of 19.5 dB with a θ of 64◦ and a reverse directivity level of
6.2 dB with a θ of 54.1◦, giving a front-to-back ratio of 13.3 dB. The comparison
of ground-plane results are shown on the polar plot in ﬁgure 4.31, the blue plot
is over the inﬁnite PEC ground-plane while the green plot is the same model
over an inﬁnite ice and granite ground-plane. The angular axis shows the θ
angles, the plot is taken at the plane cut of φ = 0◦ and the directivity levels
are in dB on the radial axis.
PEC provides an ideal reﬂective surface with no losses, where the ice/granite
has losses and does not reﬂect as perfectly. Hence the decrease in front-to-back
ratio.
For the rest of this report, this 90◦ full corner reﬂector set-up will be referred
to as the proposed 90◦ full corner reﬂector as it has the greatest increase in
performance of the front-to-back ratio, over an inﬁnite ice and granite ground-
plane, of all the set-ups simulated, while requiring the least amount of reﬂector
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wiring to construct.
4.3.2.2 90◦ Full Corner Reﬂector Connected Behind and
In-Between Elements
This next section of results is of the 90◦ full corner wire reﬂector, with its
reﬂector dimensions shown in ﬁgure 4.9, with the reﬂector wires connected at
the ends of the reﬂector, behind and in-between the antenna elements, shown
in ﬁgure 4.32.
Figure 4.32: (Left) Back view and (right) ISO view of a 90◦ full corner reﬂector
base with the reﬂector wires connected behind and in-between the antenna elements.
Back and ISO view of a 90◦ full corner reﬂector with the reﬂector wires connected
behind and in-between the antenna elements, in the simulation model.
Over an inﬁnite PEC ground-plane the 90◦ full corner wire reﬂector, with the
reﬂector wires connected behind and in-between the antenna elements, has a
forward directivity level of 19.9 dB with a θ of 60◦ and a reverse directivity
level of 5.2 dB with a θ of 50.4◦, giving a front-to-back ratio of 14.7 dB.
Over an inﬁnite ice and granite ground-plane the 90◦ full corner wire reﬂector,
with the reﬂector wires connected behind and in-between the antenna elements,
has a forward directivity level of 19.5 dB with a θ of 64◦ and a reverse directivity
level of 6.2 dB with a θ of 54◦, giving a front-to-back ratio of 13.3 dB. With the
comparison of ground-plane results shown on the polar plot in ﬁgure 4.33, the
blue plot is the model over the inﬁnite PEC ground-plane while the green plot
is the same model over an inﬁnite ice and granite ground-plane. The angular
axis shows the θ angles, the plot is taken at the plane cut of φ = 0◦ and the
directivity levels are in dB on the radial axis.
The decrease in front-to-back ratio with the PEC ground-plane was negligible
when compared to the previous section and the PEC compared to ice and
granite ground-plane were again very similar ratios.
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Figure 4.33: Directivity simulation results of the 90◦ full corner reﬂector with the
reﬂector wires connected behind and in-between the antenna elements. The blue
plot is the simulation model over an inﬁnite PEC ground-plane while the green plot
is the same model over an inﬁnite ice and granite ground-plane.
4.3.2.3 90◦ Full Corner Reﬂector Connected Behind, In-Between
and In-Between Elements Again
This section of results is of the 90◦ full corner wire reﬂector, with its reﬂector
dimensions shown in ﬁgure 4.9, with the reﬂector wires connected at the ends of
the reﬂector, behind, in-between and in-between again, the antenna elements,
shown in ﬁgure 4.34.
Over an inﬁnite PEC ground-plane the 90◦ full corner wire reﬂector, with the
reﬂector wires connected at the ends of the reﬂector, behind, in-between and
in-between again, the antenna elements, has a forward directivity level of 20 dB
with a θ of 60◦ and a reverse directivity level of 5.2 dB with a θ of 49.8◦, giving
a front-to-back ratio of 14.8 dB.
Over an inﬁnite ice and granite ground-plane the 90◦ full corner wire reﬂector,
the reﬂector wires connected at the ends of the reﬂector, behind, in-between
and in-between again, the antenna elements, has a forward directivity level of
19.5 dB with a θ of 64◦ and a reverse directivity level of 6.2 dB with a θ of 54◦,
giving a front-to-back ratio of 13.3 dB. The comparison of ground-plane results
are shown on the polar plot in ﬁgure 4.35, the blue plot is over the inﬁnite
PEC ground-plane while the green plot is the same model over an inﬁnite ice
and granite ground-plane. The angular axis shows the θ angles, the plot is
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Figure 4.34: (Left) Back view and (right) ISO view of a 90◦ full corner reﬂector
with the reﬂector wires connected behind and in-between, then in-between again, the
antenna elements. Back and ISO view of a 90◦ full corner reﬂector with the reﬂector
wires connected behind and in-between, then in-between again, the antenna elements,
in the simulation model.
Figure 4.35: Directivity simulation results of the 90◦ full corner reﬂector with the
reﬂector wires connected behind and in-between, then in-between again, the antenna
elements. The blue plot is the simulation model over an inﬁnite PEC ground-plane
while the green plot is the same model over an inﬁnite ice and granite ground-plane.
taken at the plane cut of φ = 0◦ and the directivity levels are in dB on the
radial axis.
The improvement of the front-to-back over the PEC ground-plane can be con-
sidered negligible when compared to the previous section and the PEC com-
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pared to ice and granite ground-plane has a very similar ratio.
4.3.2.4 90◦ Full Corner Reﬂector with Equal Wire Spacing
Connected Behind Elements
This ﬁnal section of results is of a 90◦ full corner wire reﬂector with the reﬂector
wires equally spaced with 1.4 m between each wire to ensure a true equally
spaced corner reﬂector, show in ﬁgures 4.36 and 4.37.
Figure 4.36: Side view of equally spaced 90◦ full corner reﬂector with the wires
connected behind the antenna elements. Cross section of the side view of a 90◦ full
corner reﬂector with the reﬂector wires equally spaced in the simulation model, wire
cross sections are exaggerated.
Over an inﬁnite PEC ground-plane the 90◦ full corner wire reﬂector with equal
wire spacing, connected behind the antenna elements, has a forward directivity
level of 20 dB with a θ of 60◦ and a reverse directivity level of 6.4 dB with a
θ of 52◦, giving a front-to-back ratio of 13.6 dB.
Over an inﬁnite ice and granite ground-plane the 90◦ full corner wire reﬂector
with equal wire spacing, connected behind the antenna elements, has a forward
directivity level of 19.5 dB with a θ of 64◦ and a reverse directivity level of
6.7 dB with a θ of 56.1◦, giving a front-to-back ratio of 12.8 dB. The comparison
of ground-plane results are shown on the polar plot in ﬁgure 4.38, the blue plot
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Figure 4.37: (Left) back view and (right) ISO view of a 90◦ full corner reﬂector
with the wires equally spaced and connected behind the antenna elements. Back and
ISO view of a 90◦ full corner reﬂector with the reﬂector wires equally spaced in the
simulation model.
Figure 4.38: Directivity simulation results of the 90◦ full corner reﬂector with the
reﬂector wires equally spaced from each other and connected behind the antenna
elements. The blue plot is the simulation model over an inﬁnite PEC ground-plane
while the green plot is the same model over an inﬁnite ice and granite ground-plane.
is over the inﬁnite PEC ground-plane while the green plot is the same model
over an inﬁnite ice and granite ground-plane. The angular axis shows the θ
angles, the plot is taken at the plane cut of φ = 0◦ and the directivity levels
are in dB on the radial axis.
The front-to-back decreases by 1.2 dB over the PEC ground-plane when com-
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pared to the previous section. While the PEC compared to ice and granite
ground-plane have the lowest forward directivity level and the hight reverse
directivity level of all the 90◦ full corner wire reﬂector set-ups simulated.
4.3.2.5 Summary of Full Corner Reﬂector Results
Similar to the half reﬂectors, the 90◦ full corner wire reﬂectors are summarised
in this sections. First in table 4.3 for the diﬀerent models over an inﬁnite PEC
ground-plane and then in table 4.4 for the same models over an inﬁnite granite
ground-plane layer with a 1 m thick layer of ice at -1◦C. It is important to
note that all angles in tables 4.3 and 4.4 are taken from the zenith.
Table 4.3: Simulation results of full-scale SuperDARN radar array with a 90◦ full
corner reﬂector over an inﬁnite PEC ground.
Model
Front
Directivity
and Angle
Back
Directivity
and Angle
Front-to
-Back
Ratio
·Wire corner reﬂector (full)
·Connected behind elements
20 dB
60◦
5.2 dB
50.4◦
14.8 dB
·Wire corner reﬂector (full)
·Connected behind elements
and in-between
19.9 dB
60◦
5.2 dB
50.4◦
14.7 dB
·Wire corner reﬂector (full)
·Connected behind elements
and in-between x 2
20 dB
60◦
5.19 dB
49.8◦
14.8 dB
·Wire corner reﬂector (full)
·Connected behind elements
·Equal wire spacing
20 dB
60◦
6.4 dB
52◦
13.6 dB
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Table 4.4: Simulation results of full-scale SuperDARN radar array with a 90◦ full
corner reﬂector over an inﬁnite ice and granite ground.
Model
Front
Directivity
and Angle
Back
Directivity
and Angle
Front-to
-Back
Ratio
·Wire corner reﬂector (full)
·Connected behind elements
19.5 dB
64◦
6.2 dB
54.1◦
13.3 dB
·Wire corner reﬂector (full)
·Connected behind elements
and in-between
19.5 dB
64◦
6.2 dB
54◦
13.3 dB
·Wire corner reﬂector (full)
·Connected behind elements
and in-between x 2
19.5 dB
64◦
6.2 dB
54◦
13.3 dB
·Wire corner reﬂector (full)
·Connected behind elements
·Equal wire spacing
19.5 dB
64◦
6.7 dB
56.1◦
12.8 dB
4.3.2.6 Discussion
As was seen from the polar plots in ﬁgures 4.31, 4.33, 4.35 and 4.38 of the
results in section 4.3.2, in all the simulations run over both the PEC ground-
plane and the ice and granite ground-plane, the front-to-back ratio is greatly
improved by replacing the 90◦ half corner reﬂector with a 90◦ full corner re-
ﬂector.
In section 4.3.1 the largest diﬀerence between the results of a model over an
inﬁnite PEC ground-plane versus those over an inﬁnite ice and granite ground-
plane occurred directly above the antenna element. While this is still the case,
the diﬀerence now, between the two ground-planes, above the antenna element
has been reduced signiﬁcantly. Indicating that, with a 90◦ full corner reﬂector,
the EM waves are not reﬂected directly back into the ground-plane but rather
that the EM waves are better reﬂected outwards towards the front of the array
and the energy does not dissipate through the ice and granite ground-plane,
directly below the antenna element. This is conﬁrmed by the 4◦ decrease in
the forward directivity's θ indicating that most of the EM waves are being
reﬂected in the forward direction.
With respect to the two diﬀerent ground-planes, the forward directivity levels
only decrease by around 0.5 dB for each model while the reverse directivity
levels increase by around 1 dB from PEC to ice and granite ground. The most
signiﬁcant improvement that was extracted from this section was the sizeable
increase in the front-to-back ratio. In section 4.3.1 the highest front-to-back
ratio was 6.4 dB, while in section 4.3.2 the highest front-to-back ratio was
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13.3 dB, over an inﬁnite ice and granite ground-plane.
The simulations run in sections 4.3.1 and 4.3.2 are only of the ideal ground
models. With both the PEC, and ice and granite ground-planes being in-
ﬁnitely big. The next section will look at the SuparDARN array over a more
realistic ground model.
Figure 4.39: Comparison of the simulation results between the installed 90◦ half
corner reﬂector (blue) versus the proposed 90◦ full corner reﬂector (green). Directiv-
ity in dB is on the radial axis while θ is on the angular axis. With the front of the
radar point towards φ = 90◦ on the axis and the results plotted on the plane cut at
φ = 0◦.
Figure 4.39 is a polar plot showing the change in directivity between the in-
stalled 90◦ half corner reﬂector (blue) and the proposed 90◦ full corner reﬂector
(green) over an inﬁnite ice and granite ground-plane. From this ﬁgure the im-
provement in backwards directivity is clearly shown with the proposed 90◦ full
corner reﬂector having a maximum backwards directivity of 6.2 dB at θ = 54.1◦
and the currently installed 90◦ half corner reﬂector having a maximum back-
wards directivity of 11.7 dB at θ = 55.7◦.
4.4 Realistic Ground Model Simulation
The Centre for High Performance Computing (CHPC), South Africa, provides
computational resources to many institutes for use in conjunction with software
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such as Altair Hyperworks FEKO when standard computing resources are not
large enough to ﬁnd a solution to a model [32].
With the use of Google Earth's satellite images and CHPC's computing re-
sources, a more realistic ice and granite cliﬀ and an inﬁnitely big ice ground
plane ground-plane was deﬁned, shown in ﬁgures 2.6 and 2.7, to be able to run
with the full-scale SuperDARN radar array as shown in ﬁgures 4.40, 4.41, 4.42
and 4.43.
4.4.1 Realistic Ground Model Simulation Set-up
The ground-plane shown in ﬁgures 4.40 - 4.43, of the realistic ground plane
layout from various views, were constructed by mapping out points on the cliﬀ
face at SANAE IV base using Google Earth and then those points were plotted
in FEKO to construct a conducting surface. Once the conducting surface had
been deﬁned the correct placement of the part was necessary to model a cliﬀ
100 m deep. The cliﬀ however, is not made from one material but two, ice and
granite. The original surface part was copied and both conducting surfaces
were lowered to the middle of the respective material regions, with the top
conducting surface being deﬁned as ice at -1◦C and the bottom conducting
surface as granite, similar to that done in section 4.3. The conducting surfaces
were then deﬁned as having a dielectric coating of 0.5 m thick ice for the top
surface and 50 m thick granite for the bottom surface. The reason for placing
the face in the middle of their respective regions is because when a layered
dielectric or coating is applied to a face in FEKO, FEKO coats the face with
equal thickness on each side of the face [26]. As is shown in ﬁgure 4.44. The
entire model was then deﬁned over an inﬁnitely wide and thick ice ground to
represent the ice shelf.
The antenna elements are exactly the same as the ones used in the simulations
for section 4.3, shown in ﬁgure 4.1, and the same 90◦ half corner wire reﬂector
as seen in ﬁgure 4.9. While the proposed 90◦ full corner wire reﬂector real-
istic ground simulations uses the reﬂector wire spacing dimensions shown in
ﬁgure 4.25. This simulation, makes use of Altair FEKO's RL-GO solver due
to the huge size of the two ground conducting surfaces. The overall simulation
model is solved using the MoM solver and the two ground conducting surfaces
have their locally deﬁned solver set to RL-GO.
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Figure 4.40: Close up ISO view of the currently installed SuperDARN radar array
over a more realistic ground-plane. The two conducting surfaces used for the granite
cliﬀ (brown) and the ice layer on top of the granite cliﬀ (light blue) shown in the
ﬁgure.
The image taken from FEKO shown in ﬁgure 4.40 is a close up ISO view of
the two surfaces which were deﬁned by mapping out points at the SANAE IV
base using Google Earth and then plotting these point in FEKO to construct
conducting surfaces that would be used for the realistic ground-plane.
Figure 4.41: Zoomed out ISO view of the currently installed SuperDARN radar
array over a more realistic ground-plane. The full ground-plane conﬁguration is
shown in this ﬁgure.
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From ﬁgure 4.41 the full ground-plane set-up is shown, starting with a 1 m
layer of ice at -1◦C at the top, then a cliﬀ made of granite 100 m deep and
ﬁnally an inﬁnite ice ground-plane at the bottom to represent the ice shelf.
Figure 4.42: ISO view showing the placement of the ground conducting surfaces.
In this FEKO image the two surfaces which deﬁne the ice layer on top of the granite
(top) and granite cliﬀ (bottom). Here the placement of the two conducting surfaces
making up the conﬁguration of the cliﬀ face are more clearly shown.
In ﬁgure 4.42 the placement of the conducting surfaces is more clearly shown,
with ice surface placed 0.5 m below the SuperDARN radar array to create a
1 m thick layer of ice while the granite surface was placed 51 m below the
radar to create the 100 m cliﬀ face.
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Figure 4.43: Top view of the realistic ground in FEKO. Here the proﬁle of the
surface which makes up the cliﬀ face can be seen more clearly.
Using Google Earth, the proﬁle of the cliﬀ face was deﬁned and modelled in
Altair Hyperworks FEKO which is shown in ﬁgure 4.43, with the front of the
radar pointing to the right of the ﬁgure.
Figure 4.44: Layout indicating how coating is applied to a conducting surface
in Altair Hyperworks FEKO [26]. The ﬁgure shows how Altair Hyperworks FEKO
applies coating layers by mirroring the layers along the plane deﬁned by a conducting
surface.
Figure 4.44 shows that it is possible to apply more than one coating layer to
a conducting surface with this image showing how Altair FEKO applies the
coating layer to both sides of the conducting surface, hence the reason for
placing the ground face in the middle of their respective material regions.
Two simulations were running using CHPC's computing resources for the re-
alistic ground model, (1) the currently installed 90◦ half corner reﬂector and
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(2) the proposed 90◦ full corner reﬂector which will be discussed in the next
sections.
4.4.2 Realistic Ground Model Simulation Results of 90◦
Half Corner Reﬂector
This section considers the simulation results over a realistic ground-plane of
the currently installed SuperDARN radar with the 90◦ half corner reﬂector
located at the SANAE IV base. The ﬁgures of results are shown in two forms,
namely, in 3D total far-ﬁeld directivity plots and various polar plots taken at
diﬀerent φ plane cuts.
Figure 4.45: Front view of the currently installed 90◦ half corner reﬂector over a
realistic ice and granite ground-plane. 3D Total far-ﬁeld directivity results at 12.75
MHz of the SuperDARN radar with a 90◦ half corner reﬂector over a realistic ice
and granite ground.
Figure 4.45 shows the 3D total far-ﬁeld directivity simulation results from the
front of the currently installed SuperDARN radar conﬁguration with the 90◦
half corner reﬂector over the realistic ground-plane set-up.
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Figure 4.46: Left view of the currently installed 90◦ half corner reﬂector over a
realistic ice and granite ground-plane. 3D Total far-ﬁeld directivity results at 12.75
MHz of the SuperDARN radar with a 90◦ half corner reﬂector.
In ﬁgure 4.46, with the front of the radar pointing to the right of the ﬁgure, it
can clearly be seen that the currently installed 90◦ half corner reﬂector does
little to hinder EM wave propagation towards the back of the radar for the
realistic ground model simulation.
Figure 4.47: Top view of the currently installed 90◦ half corner reﬂector over a
realistic ice and granite ground-plane. 3D Total far-ﬁeld directivity results at 12.75
MHz of the SuperDARN radar with a 90◦ half corner reﬂector.
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Figure 4.47 shows the 3D total far-ﬁeld directivity simulation results from the
top of the currently installed SuperDARN radar conﬁguration with the 90◦
half corner reﬂector over the realistic ground-plane set-up. The front of the
radar points to the right of the ﬁgure, where an oﬀset front the centre in the
azimuth plane can be seen.
Figure 4.48: ISO view of the currently installed 90◦ half corner reﬂector over a
realistic ice and granite ground-plane. 3D Total far-ﬁeld directivity results at 12.75
MHz of the SuperDARN radar with a 90◦ half corner reﬂector over a realistic ice and
granite ground, with the front of the array pointing to the bottom left of the ﬁgure.
An ISO view of the 3D total far-ﬁeld directivity simulation results of the
currently installed SuperDARN radar conﬁguration with the 90◦ half corner
reﬂector is shown in ﬁgure 4.48. With the radar over the realistic ground-plane
conﬁguration and the front of the radar pointing to the bottom left corner of
the ﬁgure.
Considering ﬁgure 4.47, it can bee seen that the forward directivity is now
oﬀset from the centre, i.e. the maximum level of directivity no longer lies
along the φ = 0◦ plane, shown on the polar plot in ﬁgure 4.49.
At φ = 0◦ the maximum backwards directivity levels is 17.4 dB at θ = 34◦.
The forward directivity has two levels to consider when considering ﬁgure 4.49,
the ﬁrst level is 23.2 dB at θ = 86◦ and the second level is 22 dB at θ = 36◦,
with both of these directivity levels lying along the φ = 2◦ plane. This gives
a front-to-back ratio of 5.8 dB when considering the ﬁrst forward directivity
level of interest and a front-to-back ratio of 4.6 dB when considering the second
forward directivity level of interest.
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Figure 4.49: Simulation results of the 90◦ half corner reﬂector installed at the
SANAE IV base, over a realistic ground. As shown in ﬁgure 4.47 the maximum
forward directivity has been oﬀset from the φ = 0◦ plane. The blue plot shows the
maximum backwards directivity level lies on the φ = 0◦ plane, while the green plot
shows the maximum forward directivity level lies on the φ = 2◦ plane.
Neither of these results lie along the expected θ = 60◦ angle and the results
in ﬁgure 4.49 reveal that the majority of the forward power is being directed,
either, roughly straight out along the horizon or almost directly up to the
zenith.
When the realistic ground-plane model is compared to those of the inﬁnite
PEC, and ice and granite ground-plane model, as shown in ﬁgure 4.50, the
change in directivity pattern can more clearly be seen.
The oﬀset of φ= 2◦ and unexpected θ in the forward direction can be attributed
to the proximity of the SuparDARN array to the cliﬀ face. The sharp drop
in the cliﬀ ground-plane down to the ice shelf, 100 m below, indicate that
the array's EM signals have no or little ground-plane surface to reﬂect oﬀ of
before travelling into the far-ﬁeld region of the array. This in conjunction with
the nonparallel cliﬀ surface in front of the array before the 100 m drop would
account for the φ = 2◦ oﬀset in the forward direction.
By simulating a more realistic ground-plane set-up with CHPC's computing re-
sources, it was able to be determined that the expected directivity pattern and
angle of elevation, as were seen with the inﬁnite ground-plane simulations, were
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Figure 4.50: Directivity comparison plot of the currently installed 90◦ half corner
reﬂector over the diﬀerent ground-plane set-ups. Directivity in dB is on the radial
axis while θ is on the angular axis. With the front of the radar point towards φ = 90◦
on the axis and the results plotted on the plane cut at φ = 0◦.
not the case for the realistic ground-plane set-up. By using CHPC's comput-
ing resources a more accurate directivity characterisation of the SuperDARN
located at the SANAE IV base was able to be achieved.
4.4.3 Realistic Ground Model Simulation Results of
Proposed 90◦ Full Corner Reﬂector
The simulation results of proposed 90◦ full corner reﬂector are considered in
this section over the realistic ground conﬁguration. The ﬁgures of results are
shown in 3D total far-ﬁeld directivity plots and various polar plots taken at
diﬀerent φ plane cuts.
The 3D total far-ﬁeld directivity simulation results of the proposed 90◦ full
corner reﬂector are shown from the front view in ﬁgure 4.51.
With the front of the radar pointing to the right of ﬁgure 4.52, the proposed
90◦ full corner reﬂector clearly improves the EM wave propagation hindrance
towards the back of the radar.
Similar to the results from ﬁgure 4.47, ﬁgure 4.53 clearly shows the oﬀset of
the forward directivity's maximum levels. Which lies on the φ = 2◦ plane,
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Figure 4.51: Front view of the proposed 90◦ full corner reﬂector over a realistic
ice and granite ground-plane. 3D Total far-ﬁeld directivity results at 12.75 MHz of
the SuperDARN radar with a 90◦ full corner reﬂector over a realistic ice and granite
ground.
Figure 4.52: Left view of the proposed 90◦ full corner reﬂector over a realistic ice
and granite ground-plane. 3D Total far-ﬁeld directivity results at 12.75 MHz of the
SuperDARN radar with a 90◦ full corner reﬂector over a realistic ice and granite
ground.
while the maximum backwards directivity level still lies on the φ = 0◦ plane.
An ISO view of the 3D total far-ﬁeld directivity simulation results of the
proposed 90◦ full corner reﬂector is shown in ﬁgure 4.54. With the radar over
the realistic ground-plane conﬁguration and the front of the radar pointing to
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Figure 4.53: Top view of the proposed 90◦ full corner reﬂector over a realistic ice
and granite ground-plane. 3D Total far-ﬁeld directivity results at 12.75 MHz of the
SuperDARN radar with a 90◦ full corner reﬂector over a realistic ice and granite
ground, with the front of the array pointing to the right of the ﬁgure.
Figure 4.54: ISO view of the proposed 90◦ full corner reﬂector over a realistic ice
and granite ground-plane. 3D Total far-ﬁeld directivity results at 12.75 MHz of the
SuperDARN radar with a 90◦ full corner reﬂector over a realistic ice and granite
ground, with the front of the array pointing to the bottom left of the ﬁgure.
the bottom left corner of the ﬁgure.
These results reaﬃrm that the proximity of the SuperDARN radar to the cliﬀ
face causes the EM signals to have little or no ground-plane to reﬂect oﬀ of
before the drop oﬀ to te ice shelf and the nonparallel cliﬀ surface causes the
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forward directivity to be oﬀset by 2◦. The results also reaﬃrm that a 90◦ full
corner reﬂector will improve the hindrance of EM wave propagation in the
reverse direction as the backwards directivity level decreases by 5.1 dB with a
90◦ full corner reﬂector.
Figure 4.55: Simulation results of the proposed 90◦ half corner reﬂector over a
realistic ground. In ﬁgure 4.53 the maximum forward directivity has been oﬀset
from the φ = 0◦ plane. The blue plot shows the maximum backwards directivity
level lies on the φ = 0◦ plane, while the green plot shows the maximum forward
directivity level lies on the φ = 2◦ plane.
The forward directivity has two levels to consider when examining ﬁgure 4.55,
the ﬁrst level is 25.2 dB at θ = 86◦ and the second level is 23 dB at θ = 54.1◦,
with both of these directivity levels lying along the φ = 2◦ plane. While
maximum backwards directivity, which lies on the φ = 0◦ plane, is 12.3 dB at
θ = 32.2◦. This gives a front-to-back ratio of 12.9 dB when considering the
ﬁrst forward directivity level of interest and a front-to-back ratio of 10.7 dB
when considering the second forward directivity level of interest.
4.4.4 Realistic Ground Model Simulation Discussion
After simulations of the ideal conditions were run, a simulation with a more
realistic ground-plane set-up as in Antarctica at the SANAE IV base was
constructed. Two models were simulated over the realistic ground plane con-
ﬁguration, the ﬁrst was the currently installed SuperDARN radar with the
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90◦ half corner wire reﬂector and the second was the SuperDARN radar with
the proposed 90◦ full corner wire reﬂector. From the top views shown in ﬁg-
ures 4.47 and 4.53, an oﬀset from the centre by φ = 2◦ was seen in the 3D
total far-ﬁeld simulation results. This oﬀset is due to close proximity of the
radar to the cliﬀ face and the cliﬀ face proﬁle in front of the radar.
Figure 4.56: Simulation results of the currently installed 90◦ half corner reﬂector
(green) versus proposed 90◦ full corner reﬂector (blue) over a realistic ground at
φ = 0◦ plane cut. Directivity in dB is on the radial axis while θ is on the angular
axis. With the front of the radar point towards φ = 90◦ on the axis.
Figure 4.56 clearly shows that both models have maximum backwards directiv-
ity levels along the φ = 0◦ plane over the realistic ground-plane conﬁguration.
With the half corner reﬂector model having a maximum backwards directivity
of 17.4 dB at θ = 34◦ and the proposed full corner reﬂector model having a
maximum backwards directivity of 12.3 dB at θ = 32.2◦.
Figure 4.57 shows that both models have a maximum forward directivity levels
at θ = 86◦ and φ = 2◦, with the half corner reﬂector's being 23.2345 dB and
the proposed full corner reﬂector's being 25.1557 dB. Using these two forward
directivity results the currently installed 90◦ half corner reﬂector model had a
front-to-back ratio of 5.8345 dB, while the proposed 90◦ full corner reﬂector
model had a front-to-back ratio of 12.8557 dB with the realistic ground-plane
conﬁguration. This θ = 86◦ angle indicates that the EM waves propagating
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Figure 4.57: Simulation results of the currently installed 90◦ half corner reﬂector
(green) versus proposed 90◦ full corner reﬂector (blue) over a realistic ground at
φ = 2◦ plane cut. θ is plotted on the angular axis and directivity in dB is on the
radial axis. With the front of the radar point towards φ = 90◦ on the axis.
from the radar in the forward direction have little to no ground plane to reﬂect
oﬀ of before the 100 m cliﬀ drop to the ice shelf.
Each simulation model had one more forward directivity level that was con-
sidered in the φ = 2◦ plane, for the currently installed 90◦ half corner reﬂector
model it was 22 dB at θ = 36◦ giving a front-to-back ratio of 4.5 dB. While, for
the proposed 90◦ full corner reﬂector model it was 23 dB at θ = 54.1◦ giving
a front-to-back ratio of 10.7 dB. Considering these results, the proposed 90◦
full corner reﬂector improves the front-to-back ratio of the radar from 4.5 dB
to 10.7 dB while also improving the θ angle at which the EM waves propagate
in the forward direction.
4.5 Conclusion
This chapter has looked at the full-scale SuperDARN radar simulation model
with various 90◦ half and full corner wire reﬂector set-ups over two diﬀerent
ground-planes, namely, PEC and a combination of ice layered on granite. With
the results from section 4.3.1 of the 90◦ half corner wire reﬂectors, it was
shown that this design can be altered to improve the amount of EM wave
propagation in the forward direction and in-turn improving the front-to-back
ratio. The 90◦ half corner wire reﬂector was replaced with a 90◦ full corner
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wire reﬂector in section 4.3.2 and it was shown that this corner reﬂector set-up
signiﬁcantly improves the SuperDARN radar array's front-to-back ratio, from
6.4 dB with the 90◦ half corner wire reﬂector to 13.3 dB with a 90◦ full corner
wire reﬂector. With a speciﬁc set-up being proposed as the suggested upgrade
to the system. Lastly, the currently installed 90◦ half corner wire reﬂector and
the proposed 90◦ full corner wire reﬂector were run over a more realistic ground-
plane conﬁgurations with the use of CHPC's computing resources. The 90◦
half corner wire reﬂector had a front-to-back ratio of 4.5 dB over the realistic
ground while the proposed 90◦ full corner wire reﬂector improved the front-
to-back ratio to 10.7 dB. The currently installed 90◦ half corner wire reﬂector
causes the maximum forward directivity of the radar to have an elevation
angle of 54◦ and an azimuth angle of 2◦, while, the proposed 90◦ full corner
wire reﬂector causes the maximum forward directivity of the radar to have an
elevation angle of 35.9◦ and an azimuth angle of 2◦. A summary of the most
signiﬁcant results are shown in table 4.5 with the directivity angles measured
from the zenith. The proposed 90◦ full corner reﬂector would require a total
length of 3317 m reﬂector wiring to construct, this number could be reduced
if the currently installed 90◦ half corner reﬂector wires are salvageable.
Table 4.5: Most signiﬁcant simulation results.
Model
Front
Directivity
and Angles
Back
Directivity
and Angles
Front-to
-Back
Ratio
·Wire corner reﬂector (half)
·Installed set-up
·Ice and granite ground
18.1 dB
θ = 62◦
φ = 0◦
11.7 dB
θ = 55.7◦
φ = 0◦
6.4 dB
·Proposed wire corner
reﬂector (full)
·Connected behind elements
·Ice and granite ground
19.5 dB
θ = 64◦
φ = 0◦
6.2 dB
θ = 54.1◦
φ = 0◦
13.3 dB
·Wire corner reﬂector (half)
·Installed set-up
·Realistic ground
22 dB
θ = 36◦
φ = 2◦
17.4 dB
θ = 34◦
φ = 0◦
4.5 dB
·Proposed wire corner
reﬂector (full)
·Connected behind elements
·Realistic ground
23 dB
θ = 54.1◦
φ = 2◦
12.3 dB
θ = 32.2◦
φ = 0◦
10.7 dB
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Chapter 5
Discussion and Conclusion
This ﬁnal chapter is the concluding chapter of this project, discussing all the
work done and results obtained throughout the project, of the scale model
and full-scale model. It then concludes all the work done during this project
and discusses a few recommendations on the full-scale SuperDARN radar as
to the proposed 90◦ full corner reﬂector and, if every, on-site measurements
for characterisation are to be done.
5.1 Scale Model Discussion
In chapter 3 the single and three element 1:100 scale model of the full-scale
SuperDARN radar antenna array was designed and an evaluated to determine
whether or not the Altair Hyperworks FEKO EM simulation solver software
would be suﬃciently accurate so that it could be used to evaluate the full-scale
radar. The models had some design compromises, with the major one being
a sleeve balun was used to replace the 1250:50 impedance transformer used in
the full-scale model.
Though the measured results were somewhat diﬀerent from the simulated
results, the overall comparisons of results were acceptable. With the aver-
age RMSE diﬀerence between measured and simulated total directivity being
1.4 dB for the scale single element and 2.09 dB for the scale three element
models. The general shapes of the comparisons of the total far-ﬁeld directivity
were very similar in the polar plots in chapter 3, with the various excitation
and load set-ups, for the single and three element scale models.
In these polar plots, the direction of the main beam is located between 0◦ - 90◦
and this is where the measured results most agree with the simulated results.
This is signiﬁcant, in that, this is the region of most interest when the simulated
results of the full-scale model are to be looked at, as this is the region where the
full-scale SuperDARN radar forward beam is pointing. In the region between
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90◦ - 180◦ the diﬀerence in results becomes more prominent, which can be
attributed to the 90◦ wire half corner reﬂector and how it functions to restrict
the ﬂow of EM waves. Between 180◦ - 360◦ is the greatest discrepancy between
the measured versus simulated results, in this region the model is connected
to the measurement mount, covered in absorber foam, via a metallic stand.
Though the metallic stand was included in the simulation models, it does add
more EM wave conduction in this region and the absorber foam hinders EM
waves in this region, though the relation between conduction and hindrance
are not proportional. The region between 180◦ - 360◦ is of least importance
when the full-scale model is to be evaluated as this is the region which is
fully enclosed by an ice and granite ground-plane at the SANAE IV base in
Antarctica.
With the full sets of total far-ﬁeld directivity measured and simulated results
acquired, it was then stated that the results achieved using the FEKO software
would be used with conﬁdence and could be used to evaluate the full-scale
SuperDARN radar model as the RMSE of less than 3 dB lies well within the
stated conﬁdence level of 8-9 dB.
5.2 Full-Scale Model Discussion
Chapter 4 dealt with the simulation of the full-scale model. Comparing the
same SuperDARN radar model with various 90◦ half and full corner reﬂectors
over two diﬀerent ground-plane, namely, an inﬁnite PEC ground-plane and an
inﬁnite granite ground-plane cover by a 1 m thick layer of ice at -1◦C.
From the results of the 90◦ half corner reﬂector, it was seen that the 90◦ half
corner reﬂector provides the necessary 30◦ angle of elevation of the forward
directivity with an adequate level of directivity in the forward direction but
the 90◦ half corner reﬂector does little to hinder the level of reverse directivity.
Theoretically, this issue should be solved by changing the 90◦ half corner re-
ﬂector to a 90◦ full corner reﬂector, to which, the results from the simulation of
various 90◦ full corner reﬂector substantiate this claim. The 90◦ full corner re-
ﬂector causes the forward directivity to increase by around 1.5 dB, the reverse
directivity to decrease by around 5.5 dB and the angle of elevation to decrease
by 2◦ when compared to its respective 90◦ half corner reﬂector counterpart.
Various other simulations were also run on both the 90◦ half and full corner
reﬂector. Namely, a plate corner reﬂector to understand how an ideal 90◦
plate corner reﬂector would cause the SuperDARN radar to operate. Two
other 60◦ and 30◦ full corner reﬂectors were simulated to determine if a 90◦
corner reﬂector would truly be the best corner angle suited for the radar, with
the results reaﬃrming that it is.
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5.3 Realistic Ground-Plane Model Discussion
Chapter 4 also considers two corner reﬂector set-ups modelled over a realistic
ground plane using Google Earth, similar to the one at the SANAE IV base,
using the Altair Hyperworks FEKO EM solver software and CHPC's comput-
ing resources. The ground plane conﬁguration consisted of two conducting
surfaces placed in the centre of their respective ice and granite regions, layered
with a coating of their respective thickness and their local solver set to RL-GO.
An inﬁnitely wide and thick ice ground-plane at -1◦C was added to the set-up
to represent the ice shelf at the bottom of the cliﬀ.
From the results it was determined that the close proximity of the SuperDARN
radar to the cliﬀ face in conjunction with the proﬁle at which the cliﬀ face
drops provides little to no ground surface area for the radar's forward beam
to reﬂect oﬀ of and causes the forward beam to have an oﬀset of φ = 2◦ from
the centre. It can also be concluded from the simulation results that the 90◦
half corner reﬂector's front-to-back ratio of 4.5 dB can be improved upon by
upgrading the half corner reﬂector to the proposed 90◦ full corner reﬂector
giving a front-to-back ratio of 10.7 dB over the realistic ground-plane.
5.4 Conclusion
This project set out to determine the array characteristics of the current Su-
perDARN radar installed at the SANAE IV base. Through the use of common
EM practices and terminologies used today a scale model was built to deter-
mine whether or not an EM solver software, such as Altair Hyperworks FEKO,
would provide results accurate enough to give correct feedback on the full-scale
SuperDARN radar. From the measured versus simulated scale model results it
was seen that, although the results do diﬀer in some areas, the overall compar-
ison between simulated versus machined proved that the FEKO software could
be used to provide an accurate account of the full-scale SuperDARN radar's
characteristics. Whilst conﬁrming that the currently installed half-reﬂector
layout is suﬃcient for the SuperDARN radar array, the FEKO simulations
showed that the full 90 degree corner reﬂectors improves the front-to-back
ratio by 6.2 dB.
5.5 Recommendations
From the results in chapter 4 a 90◦ half corner reﬂector works well enough
for the required operations of the SuperDARN radar but a 90◦ full corner
reﬂector greatly improves the operations when added to the system. As such,
it is suggested, from the work done in this project, the installed 90◦ half corner
reﬂector be amended with a proposed 90◦ full corner reﬂector with the reﬂector
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wires connected behind the antenna elements to increase the surface area which
reﬂects the EM wave propagation. The proposed 90◦ full corner reﬂector with
the reﬂector wires connected behind the antenna elements would require a
total length 3317 m reﬂector wiring to construct.
During the earlier stages of this project, it was discussed that a multi-copter
could be used to do measurements to characterise the SuperDARN radar on-
site at the SANAE IV base. However, due to the regulatory licensing require-
ments to ﬂy multi-copters and cost and time constraints that compliance with
the regulatory requirements would involve, it was decided to replace this con-
cept with one involving modelling the SuperDARN radar in an EM solver such
as FEKO. If the idea of using a multi-copter is investigated further, two ESA
antenna designs which could be mounted onto the multi-copter can be found
in Appendix D.
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Appendix A
Scale Model Engineering Drawings
The ﬁgures in this Appendix are the Engineering drawing used for the manu-
facturing of the 1:100 scale single and three element models and as discussed in
3.2 all dimensional tolerances in ﬁgures A.1 - A.12 are machined to the closest
0.5 mm.
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Figure A.1: 1:100 scale single element model assembly drawing. This engineering
drawing shows the completed construction of the 1:100 scale single element model.
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Figure A.2: 1:100 scale three element model assembly drawing. This engineering
drawing shows the completed construction of the 1:100 scale three element model.
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Figure A.3: 1:100 scale single element model tin plated mild steel base plate engi-
neering drawing. This engineering drawing shows the base plate used for the 1:100
scale single element model.
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Figure A.4: 1:100 scale three element model tin plated mild steel base plate engi-
neering drawing. This engineering drawing shows the base plate used for the 1:100
scale three element model.
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Figure A.5: 1:100 scale single element model perspex reﬂector support engineering
drawing. This engineering drawing shows the 3 mm perspex reﬂector used to hold
the reﬂector wires in place in the 1:100 scale single element model.
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Figure A.6: 1:100 scale three element model perspex reﬂector support engineering
drawing. This engineering drawing shows the 3 mm perspex reﬂector used to hold
the reﬂector wires in place in the 1:100 scale three element model.
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Figure A.7: 1:100 scale single element model brass reﬂector wire engineering draw-
ing. This engineering drawing shows the ∅1 mm brass rods used for the half reﬂector
in the 1:100 scale single element model.
Stellenbosch University https://scholar.sun.ac.za
APPENDIX A. SCALE MODEL ENGINEERING DRAWINGS 117
Figure A.8: 1:100 scale three element model brass reﬂector wire engineering draw-
ing. This engineering drawing shows the ∅1 mm brass rods used for the half reﬂector
in the 1:100 scale three element model.
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Figure A.9: 1:100 scale model semi-rigid coaxial cable engineering drawing. This
engineering drawing shows the worked 50Ω semi-rigid coaxial cable which the sleeve
balun is placed on and hold the antenna element in place, of both models.
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Figure A.10: 1:100 scale model sleeve balun part 1 engineering drawing. This
engineering drawing shows the part of the sleeve balun which is connected to the
furthest point from the radiation creating the short-circuit, of both models.
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Figure A.11: 1:100 scale model sleeve balun part 2 engineering drawing. This
engineering drawing shows the sleeve component of the sleeve balun, of both models.
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Figure A.12: 1:100 scale model antenna element engineering drawing. This en-
gineering drawing shows the worked ∅1 mm brass rod used to create the antenna
elements of both models.
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Appendix B
Simulation Results Not Listed in
Chapter 4.
The tables in this Appendix are a summary of the simulation results of various
90◦ half and full corner reﬂectors not listed in chapter 4. They contain the
results of various 90◦ half and full ideal plate corner reﬂectors for comparison of
the wire corner reﬂector used and simulated. The Appendix also includes 30◦
and 60◦ full wire corner reﬂectors which were used to conﬁrm that the stated
90◦ was indeed the optimal corner angle to use in the various simulations run.
Table B.1: Simulation results of full-scale SuperDARN array with 90◦ half corner
reﬂector not listed in chapter 4.
Model
Front
Directivity
and Angle
Back
Directivity
and Angle
Front to
Back
Ratio
·Plate corner reﬂector (half)
·Reﬂector 90◦
·SuperDARN dimensions
·PEC ground
20.00009 dBi
60◦
3.94 dBi
311.4◦
16.06009
dBi
·Plate corner reﬂector (half)
·Reﬂector 90◦
·PEC ground
19.7398 dBi
60◦
8.71 dBi
310.2◦
11.0298 dBi
·Plate corner reﬂector (half)
·Reﬂector 90◦
·SuperDARN dimensions
·Ice and granite ground
18.3754 dBi
64◦
7.21 dBi
312◦
11.1654 dBi
·Plate corner reﬂector (half)
·Reﬂector 90◦
·Ice and granite ground
18.0152 dBi
64◦
9.63 dBi
310.1◦
8.3852 dBi
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Table B.2: Simulation results of full-scale SuperDARN array with 90◦ full corner
reﬂector not listed in chapter 4.
Model
Front
Directivity
and Angle
Back
Directivity
and Angle
Front to
Back
Ratio
·Plate corner reﬂector (full)
·Reﬂector 90◦
·PEC ground
20.4407 dBi
60◦
-4.47 dBi
320.7◦
24.9007 dBi
·Wire corner reﬂector (full)
·Reﬂector 60◦
·Connected behind elements
·SuperDARN wire spacing
·PEC ground
19.8549 dBi
58◦
6.12 dBi
308.3◦
13.7349 dBi
·Wire corner reﬂector (full)
·Reﬂector 30◦
·Connected behind elements
·SuperDARN wire spacing
·PEC ground
20.0462 dBi
60◦
5.85 dBi
309.1◦
14.1962 dBi
·Plate corner reﬂector (full)
·Reﬂector 90◦
·Ice and granite ground
20.0274 dBi
66◦
-3 dBi
318.1◦
23.0274 dBi
·Wire corner reﬂector (full)
·Reﬂector 60◦
·Connected behind elements
·SuperDARN wire spacing
·Ice and granite ground
19.3436 dBi
62◦
7.61 dBi
304.3◦
11.7336 dBi
·Wire corner reﬂector (full)
·Reﬂector 30◦
·Connected behind elements
·SuperDARN wire spacing
·Ice and granite ground
19.5725 dBi
64◦
6.37 dBi
305.9◦
13.2025 dBi
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Appendix C
Phase Matrix of SuperDARN
Radar.
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Appendix D
Electrically Small Antenna
Designs.
During the earlier stages of this project, it was discussed that a multi-copter
could be used to do measurements to characterise the SuperDARN radar on-
site at the SANAE IV base. Because of the regulatory licensing requirements to
ﬂy multi-copters, as well as cost and time constraints that compliance with the
regulatory requirements would involve, it was decided to replace this concept
with one involving modelling the radar in an EM solver such as FEKO. If the
idea of using a multi-copter is investigated further, two ESA antenna designs
which could be mounted onto the multi-copter can be found in Appendix D.
This section will aim to provide a basic understanding of their operations if
they are ever used in future projects to characterise the SuperDARN radar on-
site at SANAE IV. An ESA is used due to the SuperDARN radar's proximity
to the approximate 100 m cliﬀ drop to the ice shelf below.
An ESA is an antenna, with its largest dimensions being encompassed by a
sphere with radius a, shown in ﬁgure D.1, so that [33];
ka ≤ 0.5 (D.1)
with the reactive near-ﬁeld in terms of radian length as;
rl =
λ
2pi
(D.2)
rl = Radian length (m)
In ﬁgure D.1, the boundary limits are shown as a graphical representation.
The largest ESA dimension a can be seen compassing the ESA by a sphere
with radius its equal to a. The non-radiating energy near-ﬁeld region boundary
limit of the ESA can be seen as the distance equal to the radian length.
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Figure D.1: Field regions of an ESA [34]. This ﬁgure shows the various ﬁeld regions
deﬁned by equations D.1 and D.2.
The ﬁrst design found in D.0.1 uses principles from [35] which state an ESA can
be improved through inductive and dielectric loading. Put simply this means
that if the dielectric constant of the material onto which the conducting part
of an ESA is placed is increased, along with ensuring the physical dimensions
increase in such a way that the inductance increases proportionally to the
increase in dimension, the size of the ESA can be reduced.
The second design in D.0.2 uses principles from [36] which employs the use of
a shallow cavity to back a well-know meandering archimedean spiral antenna
design, [37] which further improves on the this antenna design by reducing
the area of the antenna by adding dielectric absorber material to the cav-
ity. This dielectric absorber makes the antenna more directional by reducing
the side and back radiation levels but reduces eﬃciency. Finally, the parallel
curves theorem was used to ensure the correct transmission (TM) line width
throughout the antenna's design [38].
Below are the design for two ESA that could be used or modiﬁed to characterise
the SuperDARN on-site at the SANAE IV base. The designs were done in DDS
Simula CST Studio Suite as they were designed during the earlier stages of
this project.
D.0.1 Stacked Double Coil ESA Design
This design makes use of CST's Planar Circular Spiral - rectangular cross
section macro with the values in table D.1.
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Table D.1: Variables used to design the stacked double coil ESA in CST.
Variable Value
Height of brass 0.5 mm
Coil inner radius 15 mm
Coil width 3 mm
Number of coil turns 12
Coil gap 10 mm
Height of second coil from ﬁrst 23 mm
Dielectric height 10 mm
Dielectric outer radius 176 mm
Dielectric  10 F/m
Figure D.2: ESA design using two brass coils stacked on top of each other, isometric
view 1. This ESA is a stacked double coil design stacking two coils on top of each
other, placed onto a dielectric material with an epsilon of 10, feed by a 50Ω SMA
connector.
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Figure D.3: ESA design using two brass coils stacked on top of each other, isometric
view 2. This ESA is a stacked double coil design stacking two coils on top of each
other, placed onto a dielectric material with an epsilon of 10, feed by a 50Ω SMA
connector.
Figure D.4: ESA design using two brass coils stacked on top of each other, side
view. This ESA is a stacked double coil design stacking two coils on top of each
other, placed onto a dielectric material with an epsilon of 10, feed by a 50Ω SMA
connector.
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Figure D.5: S11 results of the stacked double coil ESA design. The results above
show that the ESA has a resonant frequency of 12.344 MHz, with some adjustments
it can be improved to 12.75 MHz.
D.0.2 Meandering Archimedean Spiral Backed by a
Shallow Cavity ESA Design
This design makes use of CST's spline curve macro with the values in table D.2.
The equation for the inner exponential spiral is as follows:
Table D.2: Variables used to design meandering archimedean spiral backed by a
shallow cavity in CST.
Variable Name Variable Value
Initial radius r0 25 mm
Spiral constant α1 0.4 mm/rad
Starting angle of exponential spiral ϕϕ 1.5pi rad
Ending angle of exponential spiral ϕstart 4pi rad
Ending angle of meandering spiral ϕend 21pi rad
Ending angle of exponential spiral tip ϕfinal 21.5pi rad
Meandering spiral constant α2 25pi mm/rad
TM line width (half) w 0.5 mm
r(i) =r0e
α1ϕ(i)
with its derivatives
x′(i) =r0eα1ϕ(i)(α1cosϕ(i)− sinϕ(i))
y′(i) =r0eα1ϕ(i)(α1sinϕ(i) + cosϕ(i))
(D.3)
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The equation for the middle meandering sinusoidal spiral is as follows:
r(ϕ) =α2(ϕ− ϕ1) + r0eα1ϕstart +m(1 + sin(nϕ))
with its derivatives
x′(i) =cos(ϕ(i))(α2 +mncos(nϕ(i)))− sin(ϕ(i))
(α2ϕ(i)− α2ϕstart +msin(nϕ(i))) +m+ r0eα1ϕstart
y′(i) =cos(ϕ(i))(5ϕ(i)− α2ϕstart +msin(nϕ(i)) +m+ r0eα1ϕstart)
+ sin(ϕ(i))(α2 +mncos(nϕi))
(D.4)
The equation for the outer tapered TM line is as follows:
r(ϕ) =α2(ϕ− 6ϕfinal) + r0eα1ϕstart
with its derivatives
x′(i) =α2cos(ϕ(i))− sin(ϕ(i))
(r0e
α1ϕstart + α2(ϕ(i)− 6ϕfinal))
y′(i) =α2cos(ϕ(i)) + cos(ϕ(i))
(r0e
α1ϕstart + α2(ϕ(i)− 6ϕfinal))
(D.5)
With the equations of the parallel curves theorem as follows:
x1(i) = r(i)cos(ϕ(i)) (D.6a)
y1(i) = r(i)sin(ϕ(i)) (D.6b)
x2(i) = −r(i)cos(ϕ(i)) (D.6c)
y2(i) = −r(i)sin(ϕ(i)) (D.6d)
and (D.6e)
x11(i) = x1(i) + w
y′(i)√
x′2(i) + y′2(i)
(D.6f)
y11(i) = y1(i)− w x
′(i)√
x′2(i) + y′2(i)
(D.6g)
x12(i) = x1(i)− w y
′(i)√
x′2(i) + y′2(i)
(D.6h)
y12(i) = y1(i) + w
x′(i)√
x′2(i) + y′2(i)
(D.6i)
(D.6j)
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Figure D.6: ESA design of a meandering archimedean spiral backed by a shal-
low cavity. The design above makes use of CST's spline curve with a meandering
archimedean spiral equation.
Figure D.7: S11 results of a meandering archimedean spiral backed by a shallow
cavity. The results above show that the meandering archimedean spiral backed by a
shallow cavity operates best above 1 GHz, with some modiﬁcations the design can
be made to operate between 8 - 20 MHz.
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